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ABSTRACT

The 120-foot antenna of the Haystack Microwave Facility and the 60-foot antenna
of the Westford Communications Terminal, both operated by M.1L.T. Lincoln
Laboratory, were coupled to form a planetary radar interferometer operating at
X-band and were used to observe Venus at a wavelength of 3.8 cm during the
1967 inferior conjunction. The antennas are separated by approximately 4000 feet
along a line 22° east of north. At maximum projection in the direction of the
planet, this baseline gives a fringe spacing of 5 seconds of arc, or a maximum

of about 10 fringes across the planetary disk at inferior conjunction.

By transmitting a CW signal from the 120-foot antenna and frequency analyzing
the received echo, it was possible to resolve the planetary surface scattering
into strips parallel to the apparent axis of rotation. Crosscorrelation of the
complex frequency components obtained at the two sites yielded corresponding
spatial Fourier components which resolved the scattering along the strips. With
1-Hz frequency resolution and a maximum of 10 fringes along the rotation axis,
the planetary hemisphere visible to the radar during inferior conjunction was
mapped with approximately 100 resolution intervals along a direction perpendic-
ular to the apparent rotation axis, with 10 resolution intervals in the orthogonal

direction.

For a limited region on the planet, surrounding the center of the visible disk,
higher resolution was obtained by transmitting pulses of 500-usec effective
length. The pulse resolution enabled the planet to be resolved in echo delay,
leaving only a twofold hemispheric ambiguity to be resolved by the interferom-
eter. In addition, in the range-gated observations the effects of significant in-
terferometer sidelobes (arising from the limited range of projected baselines

available) were avoided.

Maps obtained from the observations show Venus to be smoother on the average
than the moon at 3.8 cm, although some regions of the planet exhibit strong local
radar-scattering enhancement. The positions of these regions agree well with
those previously reported if the rotation period of Venus is assumed to be earth-

synchronous at 243.16 days retrograde.

Accepted for the Air Force
Franklin C. Hudson
Chief, Lincoln Laboratory Office
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A RADAR INTERFEROMETER STUDY OF VENUS AT 3.8 cm

I. INTRODUCTION

The planet Venus is surrounded by an optically opaque atmosphere such that neither the
nature of its surface nor its period of rotation can be determined with eertainty from telescopic
observation. However, its atmosphere is reasonably transparent at radio wavelengths, and much
information has been gained from earth-based radar observations. For example, radar obser-
vations made during both the 1962 and 1964 inferior eonjunetions at the Jet Propulsion Laboratory
(JPL)1 have shown anomalous peaks in the speetrum of the reeeived echo which appear to be
caused by regions of loeally enhaneed radar baekseatter on the planctary surfaee. The locations
of these regions, as well as the surface rotation, were determined through a least-squares fitting
procedure. From these observations, a sidereal rotation period of 250 (+4, —7) days retrograde
and a north polar direction of 255° (+10°, —4°) in right ascension and 68° (%4°) in declination
were obtained.

Measurements in which echo delay, as well as frequency information, was used were re-
ported from the Arecibo Ionospheric Observatory (AlO)2 for the 1964 inferior conjunction of
Venus. These data, which are intrinsically more powerful as a means of determining pole posi-
tion, yielded a rotational period of 245.1 (£2) days retrograde at 270.3° (x1°) right ascension
and 66.7° (£1°) declination.

Measurements involving both a simple CW echo analysis, as well as a more complex com-
bination of delay and frequency data, can benefit from the inclusion of additional information
concerning the spatial distribution of the received echo. Since the disk diameter of Venus, even
at inferior conjunction, does not exeeed roughly one minute of arc, this information to be useful
must have a resolution of better than a few tens of seconds of arc. With this in mind, therefore,
Lincoln Laboratory in late summer of 1967 undertook an observing program in which the existing
120-foot-diameter Haystack planetary radar system and the Westford 60-foot-diameter antenna
were interconnected at a frequency of 7840 MHz as a phase-coherent radar interferometer,
Measurements using both simple CW transmissions, as well as more complex time-eodcd signals,
were made.

In this report, the theory of radar interferometry is first developed, followed by sections
dealing with surface-mapping techniques and descriptions of the actual equipment and data-
reduction procedures employed. Only a modest amount of interpretation of the results has been
attempted, sinee it is anticipated that several journal articlcs will treat this aspeet of the re-

search in greater detail.



II. THEORY OF RADAR INTERFEROMETRY
A. Interferometer Geometry

The interferometer geometry is shown in Fig.1. The coordinate system used is centeréd
at llaystacek. ;1 is a fixed veetor from the intersection of the azimuth and elevation axes of
Haystack, to the interseetion of the azimuth axis and a horizontal plane through the elevation

>

axis of Westford, r, is a vector in that plane representing the offset of the elevation axis of the

N
Westford antenna; and r, is a unit vector® toward the apparent position of the subradar point on

8
the planet being observed (parallax between the sites can be negleeted). These veetors can be

expressed as

> P g . o 5 4

I = D sin P‘W i + D cos LW smAW laa + D cos I‘W oosAw NO (1)
S - dsinA_% dcosA 1 diff i ith d

r, SlnAplEA + d cos plNO (differences in zenith neglected) (2
2. = SinE 1, + coSE_sinA 1., + cosE A% 5
r, = sin ’pllJE €os T sin plEA €os i cos plNO (3)

where D (=] ;1| ) is the distance between Haystack and Westford, d (:l;zl) is the elevation axis
offset of Westford, Ap and E_ are the apparent azimuth and elevation of the planet, and AW and

EW are the azimuth and elevation of Westford as seen from Haystack. The portion of the differ-

ential delay whiech is azimuth and elevation dependent is given by

1 - = ~ D ) )
= Q(r1 +r2) ry: i[sme smEp+oosz oosEp
X cos(A_—A_ )]+ L3 cos E (4)
p W € p
T g (ZENITH)

b

~ ’
INO (NORTH )

TealEAST) Fig. 1. Interferometer geometry.

INTERSECTION OF AZIMUTV
AND ELEVATION AXES
AT HAYSTACK

™ ELEVATION AXIS

INTERSECTION OF AZIMUTH AXIS
OF WESTFORD

WITH HORIZONTAL PLANE
THROUGH ELEVATION
AXIS AT WESTFORD |

T Throughout this report, the symbol (™) is used for o unit vector.



where o is the velocity of propagation along the baseline. Results of a baseline survey gave

the following values for the baseline parameters:

4066.16 feet
S21°53147" W + 6"

b

& W

K W

d = 12.5 inches.

[l

il

_1022|53|| + 4"

T4 is a funetion of time as a result of the motion of the planet and gives rise to a differential

Doppler effect or fringe rate of (w/2m) [d-rd(t)/dt]. The change of 7, with position in the sky

d
produces an interferometer fringe pattern for which it is more convenient to use celestial co-

ordinates wherein

D ; .
Tg B [sméB sin ép + cos 6B eos ép eos(Lp = LB)] (5)

where L‘B and 68 are the hour angle and deelination of the baseline. The expression is only ap-

proximate, as refraetion ean only be taken into aeeount to first order (plane parallel atmosphere)
in this coordinate system. However, the expression is quite preeise enough to eompute the
fringe spacing. lxpressing ;1 in eelestial coordinates ([1_:2] is mueh smaller than |rTi| and is

-

neglected), the projections of r, in a plane normal to the direction of the planet are

1

d'rd -
e 35 ~ (ri)N = D [cos ép sméB —coséB smép (‘.OS(Lp — LB)] (6)

. de =
cosép T =(r-1)W=Deos<3B sm(LS—LB) ’ (7)

The fringe spaeing in radians is the reeiprocal of the projeeted baseline component in
wavelengths., Figure 2 shows a plot of the projeeted baseline in wavelengths for Venus on the

day of the 1967 inferior conjunetion.
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B. Earth-Venus Geometry

Since, in this discussion, we are primarily interested in the mapping of the planctary sur-
face, the orbital and rotation parameters will be assumed known. Any inconsistencies which
might be attributed to errors in these paramcters will be discussed in Sce.VI-C. The orbit of

Venus will be described by its geocentric right ascension RAp, declination 6p, and distance.

HAYSTACK

WESTFORD

EARTH VENUS

Fig. 3. Earth-Venus geometry.

It will also be assumed that Vcnus is a sphere of radius r_ which rotates with an angular velocity
@ _ rclative to the local star system. The direction of Qp is given by its right ascension RA

and declination 6 4 Figure 3 shows the Earth-Vcnus geometry. Three Venus-centered co-
ordinate systems are used m the complete description of the radar- mappmg proccss. The first
is a system (X, Y, Z) where X is directed toward the transmitter, and Z is in the direcction of
the projection of the apparent rotation axis Q ona plane normal to X. In this system, the sub-
radar point is (rp, 0, 0). The second coordinatc system (X, Ii, N) is the first rotated so that /1\\1

is in the direction of increasing declination. The third coordinate system (X ,Y , Z ) is fixed
to the planet so that ,Z\p is thc pole or the dircction of §p’ and /)\(p goes through the cir‘cl(}e1 of zero
longitude, —40° being defined as the longitude of the subradar point on 20 June 1964 at 0 UT
(Ref.1). Thus,

R 1= r‘p cos (L.at) cos (Long)
N = r‘p cos (Lat) sin (Long)
P 1] rp sin(Lat) (8)

wherc Lat and Long are the latitude and longitude of a point on the surface of Venus. Conversion
A
from (X, I, N) to (Xp, Yp’ Zp) requires four rotations. The first rotation about E by the angle
N
6p makes N' parallel to the earth's axis

= X cosé_ + N sinod
p P
E'=E

N' = N cosdé_— X sinéd . 9
) p p (9)



N N
The second rotation about N' by the angle A makes E'' in the opposite direction to the right

ascension of the rotation axis, so that
A= RAp—-RAa + 90°

as illustrated in Fig. 4. Thus,
X'""' = X' cosA — E' sinA

EII

E' cosA + X' sinA

Nll = NI

PROJECTION OF
VENUS ROTATION
AXIS ON CELESTIAL
EQUATORIAL PLANE

—

~ ARIES

TO EARTH

E"

Fig. 4. View of Eorth-Venus geometry from celestial pole.

N N
The third rotation about X'' by O makes N''' parallel to /Z\p’ where

Ch= 9O°—<‘Sa
so that
b ol o
E'" = E'" cos® + N'"' sin0O
Zp = N'""'=N" cos©® — E'" sin©O

From Egs.(9), (11), and (13),

X'"!' = X cosA cosép— E sinA + N sin(Sp cos A

E'"' = X{(sinA cos 6p cosO — sin©® sinép) + E(cosA cos 0)
+ N(sin © cos 6p + cos O sinA sinép)

Z = X(—cos© sin(Sp — sin © sinA cos ép) — E(cos A sin©)

+ N(cos O cos ép — sin O sin<5p sin A)

(10)

(11)

(12)

(13)

(14)

AN A
The final rotation about Zp by angle P makes Xp go through the definition of zero 1ongitude,1

P-P_ +0t
o 7p

(15)



N
where P() is the angle between ,\'p and the direction (RAa + 90°) when t = 0. Thus,

Xp = X"" cosP — E"' sinP

Yp = E'""" cosP 4+ X" sinP . (16)

Since the subradar point is given by

R =P
p p
B= 0
N=20

the latitude of the subradar point is

Lat, = sin-i(—cose siné_ — sin© sinA cosé ) (17)
R p p

from kq.(14) by sctting £ = N = 0. Similarly, the longitude of the subradar point is

(18)

4 sinA cosé_ cosO — sin©O sind
LongR = P + tan ( p)

cosA cos 6p
from kqgs.(14) and (16).

The transformation from (X, Y, Z), in which Z 1is the apparent rotation axis, to (X, E, N)
requires one rotation by the angle 1> which is computed from the components of center-to-limb
Doppler. The apparent rotation consists of the projection of the planet's rotation on the plane

N
normal to the direction X plus the rotation due to the change in position of the planet,

dRA re'ﬂe cos (LatH) cos L,

Qy = Qp(sinéa cos 6p — sin 6p cos 6a sinA) — dtp + X, (#1:9)
and
dé
QW = Qp cos 6a cosA + d_tp (20)

where LatII is the latitude of Haystack, r. is the radius of the earth, Qe is the rotation of the
earth, and Xo is the distance to Venus. The last term is a correction for the earth's rotation
which has to be included if the right ascension and declination of the planet are computed for the

geocenter. From Egs.(19) and (20),
- -1
D= tan (QW/QN) : (21)

The values of Xo’ RAp, and 6p can be obtained from ephemeris tables. The following rota-

] 2
tion constants™ were assumed for Venus:

6 =66.7°
a
RAa = 270.3
Qp = 1 rotation per 243.16 days — retrograde.

Values of the latitude and longitude of the subradar point were checked with computations by

JE008 Shapiro.3



C. Relation of Received Signal to Planet's Surface
Using the coordinate system (X, Y, Z) defined in Sec. B above, the wave incident on the sur-~
face of the planet is related to the transmitted signal x,l.(t) by
.- Tw e -
x(w, Y, Z) = axp(w) exp - = [ ) X))} (22)
where
' -iwt
x,r(w) = \S XT(t) e dt (23)
Xo(t) is the distance to the ccenter of Venus, and o is an attenuation constant. The plane wave

assumed in Eq.(22) will be justified in Fq.(40b). 1f it is now assumcd that each elecment of unit

surface area on the planet inclined at an angle O to the incident beam returns-a signal

xR(w,Y,Z) = xi(u',Y, Z) s(Y, Z) (24)

then the integrated return will be

dYdZz
cos O

21w
xp(w) = a ﬁ x () S(Y, Z) exp & 22 [X (1) — X(t)]) (252)

where

o _Yz_Zz)i/z

o4

cos © (25b)

Ie

p

Expanding Xo(t) and X(t) into a constant and time-changing component due to rotation £ and radial

velocity Vr’
Xo(t) — X(t) = Xo(to) — X(to) + Vrt + Y Qt (26)

so that Eq.(25) becomes

where 7t is the delay to the element at (X,Y, Z)

2 [X(t,) — X(t, )]

T = = (28)

and w' is the Doppler-shifted frequency
w=w-22Yye +2v)
c r

1f the planet's orbit is known, it is possible to refer the signal to the centcr of the planet by

continuously shifting one of the local oscillators by the amount

w
= 2Vr(t)
so that
x(w) = xglw) exp[€ 2X (1] = a g\g S e el T (29)
where w'" = w — (2wYQ/c). The simplest signal to transmit is a sine wave (to within the fre-

quency stability of the standard), in which case



lxple) = p (0 -w) . (30)

For a single antenna whose antenna beam is much larger than the planet, the receiver spectral

power is

| x(w)]

o? XSSS‘ xp(@'") xp(w''1) s(Y, Z) s*(Yt, Z1)

e-iw-r(Y, Z) e+iwr(Y’r, Z1) dYdZdyYy tdZt
cos 6

2 c(wo—w) dZ
% XS[ 200 'Z] Cos 6 (B}

X

where the power-scattering function S(Y, Z) is a real function
S(Y, Z) = S’S‘ S(Y, Z) s¥(Y —y, Z — ) e—le(Y, Z) elm‘r(Y-y, Z-2) dydz . (32)

The function within the integral is a delta function in y and z so that the power at frequency w
originates from a line

(wo-—w) c

Y= Tzoe (33

parallel to the apparent rotation axis. ¢ is the two-way attenuation which is related to the antenna
gain G by
J2. G2®
647r3X 4
o
provided S is defined as unity for a perfect isotropic scatterer. For simplicity, it is convenient

to change the scale of the coordinates so that

X, = X/rp
Y = Y/rp
Z = Z/rp (34)

and to introduce the center-to-limb Doppler shift F so that

dZ
2.2 FAw n
'n® § St= =z Zy) zose (54

|x(w)] 2

where

Aw = w—w
o

If the spectral analysis of the received signal is performed with a frequency resolution function
f(w), which for Fourier analysis of a sample of length T is
. T,)2
sin [(w — wc) E]

(w-w) %

(36)

then the output of each "frequency channel c" is



{12012t 00 92 (37)

since

™
1]

T -iwt
S\ x(t) e dt
(o)

The signal y(t) received by the second antenna from an element on the planet is shifted in phase

because of the different distances of the element from the two stations. From Fig.5,

: -iwT
Nw) = Ba §§ LT ) e S i) e
L B2l 2ty avag .
cos O

where T4 is the delay differential to the subradar point, given by Eq. (4).

A

!

ELEMENT (X,Y, Z)

/S

DOPPLER STRIP

HAYSTACK

T WESTFORD

Fig. 5. Relative distance between twa antennas and paint an planet.

A
IY and lZ are baseline projections in the ¢ and Z directions in units of wavelengths per
planetary radius. Thus,

e (i )Y wrp
Y 2mcX

o
, (r )Z wrp (39)
Z chXo

where the Y and Z components of the baseline can be obtained from the N and W components
given in Eqgs. (6) and (7).

(r)Z = (r)N cosD + (r)W sinD

= —(;)W cosD + (f:)N sinD . (40a)

=
wd
|

The phase differences expressed in Eq. (34) assume the received signal components to be plane

waves, but are in error at most by only



~ 10_6 radian (w/27 = 7840 MHz, and XO = 0.3 astronomical unit) (40b)

as a rcsult of the wavefront curvature.

I'rom Iqgs.(30) and (38), the cross-spectral power of reccived signals is

ylw) x* ﬁ‘ﬁ‘ (") xt(w' 1) (Y, Z) s¥(Y T, Z1)

~lwT 272 1. 2riy #

x e-10T(Y, Z) iwT(Y1,Z1) d, nZ n'Y dydzdy+dzt
cos 6
i 2miZ 4. -2miAwFi., dZ
2 2uE 3 LTy nz Y n
3 r'anr § S(—Awl, Zn) e e e by (41)

for » CW transmission. If y(t) is rotated by exp [iwrd], then the lines of constant phase become
stationary on the planet. Further rotation by exp[ZwiAwF!Y] makes the line of zero phase per-

pcndicular to the Doppler axis. If the frequency resolution dw used is sufficiently small that

SwF2zmt,, << 1 (42)

then the power and cross-power outputs for each channel are

dzZ
2. .22 n
|Xc| a rpoz gsc(zn) cos © (o)

and

2miz ¢, dZ
~2a2;3 5‘ 5.2 nZ n (44)

xoyg ot S cos ©

wherc SC is the scattering function integrated over the Doppler strip.
If the transmittced signal is phase-reversal coded by multiplication with a codc ¢(t) which
has an elcment length e and repeats every T seconds, then

xT(w) = p(w = wo) @ cHw) . (45)

The decoding of thc received signal is achieved by multiplication with the transmitted code de-
layed by different amounts. There are Tr/Te delay channels formed which can then be spectrum
analyzed in the same fashion as the CW signal previously described.

The code used in the coding process is controlled by a drifting clock (see Sec.IV-D) so that,
if c(w) is the frequency domain description of the coding signal, c(w'') exp [—iw‘rn] is the fre-

th

quency domain description for the n delay of decoding signal. After decoding, the frequency

domain description of the signal for the nﬂ'1 delay is

T (@)= 5151[# "—w)@ (@')] & c*(w") s(Y, Z)

X
n
iwTr
n -iwr(Y,Z) dYdZ
X e e o C (46)
dZrl
=« § s(—AwF, Zn) Rc ['rrl —7(—AwF, Zn)] o5 6 (47)

where RC(-r) is the autocorrelation function of the code.

10



This cxpression assumes the planet's Doppler spread is less than the code repetition rate,
as it neglects the frcqucncy foldover effccts that arc produccd when this is not the casc. Thus,

the output of the nth delay channel and cth frequency channel is
2 22U

. L
- {
Ixc,nl _rpoz (‘c,n+bc,n) 48)

and the output of the "cross channel” is

o2mi|Z e -2ni|Z |2
2 2 { L) PN nZ) (49)

bd i = B @ S e 5
c,nyc,n P B( c,n c,n

where S = is the scattering function integrated over the frcquency (resolution along Yn) and
delay (resolution along Xn) resolutions. Since the delay resolution is ambiguous in the sign of
Zn' the superscripts U and L signify the upper and lower hemisphere points. If the frequency
channel number is measurcd from the zero frequency or frequency of the return from the sub-
radar point, and the delay channcl numbcr is measured from thc delay that just grazes the sub-
radar point,
Y 27 2
n n
S(Y ,Z2_)dy dz
n’ ’n n n

X,n
L 5‘5 cos O &L

R

X,n Y 47 1
n n
where
_ 1. dw
e Hi = (C — E) ﬂ F
1, dw
YZ_(C+E)ﬂF (51)
and
Xni g (n—:‘) St2c
P
x 2-1 - Dér2c (52)
n r
p
2 2
Zni _Ji —[(Xni) +(Yn1) 1
2 =J1 — (X 2)2 + (Y 2)2] (53)
‘n n n ’

OI. METHODS OF MAPPING SURFACE OF PLANET

A. One-Dimensional Interferometry to Reconstruct Received Power
Distribution Along a "Doppler Strip"

It was shown in Sec.II that, when a CW signal is transmitted, the echo received in a
given frequency channel, after correction for the Doppler shift to thc subradar point (Doppler
tracking), arises from a strip on the face of the planet toward the radar. While the power in a
given frequency channel for a single antenna represents an integration along the entire Doppler
strip, the crosscorrelation power between the two antennas of the interferometer yields a Fourier
component of the distribution along the strip. After we correct for the planet's motion relative

to the interferometer, the cross power is given by Eq.(44) which can be rewritten

11



ZﬂiZnﬁZ dZn
i) = S‘ e 2, ) coso (5%

) is the complex fringe amplitude (chﬁ) for projected baseline ¢ omitting the attenu-

Aty z’
ation constants. Equation (54) can be inverted by one-dimensional Fourier theory

S(c, Zn) . —27r12n£Z dlZ

cos © 5 AC(IZ) ® 2T (334

where the limits of integration would have to be infinite for a perfect inversion. If the maximum

projected baseline is £ , then the resolution pattern is

Z max

§IZ o e—27r12n£Z dﬁZ sin ZwanZ P
) T

Zr = 277 1 (56)
-4 n Z max
7. max
or a half-power width of
AWV S —1 57
“n " Z =
Z max

in praectice, it is diffieult to cover a wide range of £, without a fortuitous baseline orientation

Z
to make full use of ehanges with hour angle that result from a combination of those ehanges ¢

N
and IW illustrated in Iig. 2. (ﬁZ is the projection onto the dashed line in Fig. 2.) However, since
S is real,

AXL,) = A (—4,) (58)

so that only the magnitude of the projeeted baseline is important, also, it ean be assumed the

reflected power is limited to the planet surface so that

S(c, zn) =110 (59)

for values of Zn‘ > Z where

= *
nmax

g ] z
anax' 1_Yn(L) ¢ (60)

This restriction of S(c, Zn) allows ;’\O(IZ) to be reconstrueted from sampled values, From the

sampling theorem, Ac(ﬁ need only be sampled at intervals of

7)

1
ally = 57
nmax

(61a)

If only the Fourier components of the spatial distribution corresponding to bascline projections

between £ - and ¢ are measured, then the equivalent resolution pattern for a uniformly

Z, mi Z max
weighted transform is
N

cos [wZn(f 1| sin[wZn(f

9 .
Z max Z, min

)

. /7
Z min ' Z, max

7I'ZnuZ max EZ min

(61b)

B. Resolution of "Range-Doppler Ambiguity" with Two-Element Interferometer

When the transmitted signal is coded so that single-antenna measurements resolve the

planet into range-Doppler cells, thcre is a twofold ambiguity, that is, two points on the planet
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have the same range and Doppler shift. However, the cross-power range-Doppler cells are

the vector sum of contributions from the ambiguous points as shown in Eqs. (48) and (49).

U L

P(c,n) = Sc,n + Sc,n (62)
and
ig(c,n,t) -ig(c,n, i)
A(c,n):SU e Z +SL e 2 (63)
cinl c,n

where P(c,n) is the single-antenna power, and A(c, n) is the cross power for the cth frequency
channel and nth delay. The interferometer phase for the upper or northern-range Doppler cell

is ¢(c, n, ! Equation (63) assumes that range-Doppler cell is much smaller than the fringe

)
Z
spacing. The range-Doppler mapping geometry is illustrated in F'ig. 6(a-b). Equations (62) and
(63) can be solved for SL and SL provided ¢ is not a multiple of 2r. However, if measurements

are made over some change of baseline projection £ a least-squares fit to the data can be per-

7
formed, thereby eliminating the case of ¢ being a multiple of 27. Thc least-squares solution
to Eq.(63) is
iU ¥ Re A(c,n) cose¢lc,n, L) = Sin2 ¢{c, n, 17) + 3 Im A(c,n) sin w(n,n,lZ) = (:os2 q)(r‘,n,lZ)
S¢, n = L, T, t.,
& - (64)
L >4 sin2¢(c,n,l ) = coszw(r,n,lz)
c,n L., L,

/Sg‘n, while the single-antenna measurements

’

which provides the best estimatc of the ratio S

U cna st

U
c,
are used to estimate the sum of S
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b
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(a) (b)
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Fig. 6. (o) Twa regians with same range and Dappler shift; (b) their lacations
in interferameter fringe pattern.

C. Signal-to-Noise Ratio Analysis

1t is convenient to convert received power into temperature and to assign a system temper-

ature TS to the receiver and sky background noise. From Eq.(48),
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P..=aPras? gal

G L piesn c,n) (65)

where I’T is transmitted power. If the planet were uniformly rough, then it could be described
by a scattering function which is only a function of the angle of incidence €, in which case

P ey

c,n T p cos© "¢,n (iea)

where a is the area of the range-Doppler cells in the Yn' Zn plane. Converting to temperature,

2 B Bhiinc =
GAPrr S(0) a,

641r31\’:K cos 6

8- (G i) =

H (67)

where K is Boltzmann's constant. The fractional cross section relative to a perfect isotropic

reflector is

J sw d¥qi2
3 n (68)
m
The Westford antenna temperature is
TG
_ H W
Tw= "% (69)
H
and effective system temperature for the cross power is
o= LS T (70)
S SH Sw
From the theory of a Gaussian process, the rms deviation in the measured temperature is
(15, + o)
A B It (@)
S ==
rms AfT

where Af is the frequency resolution, and T is the integration time. The "noise threshold" of

T +T)(T +T)
/(sn Hf\'s, "W

the cross power is

oy = (72)
WH'rms VAT
and the rms deviation of the measured phase is
Jrs, ) (s, * ™)
Ae = . (73)

= NZ | Ty | NAIT
wH

IV. DESIGN AND CONSTRUCTION
A. Radio Frequency and Local Oscillator Systems

The radio frequency (RF') portions of the interferometer are shown in Fig.7. The trans-

mitter is coupled to the right-handed circular polarization port of Haystack, while both receivers
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are coupled to the orthogonal polarization (left-handed) ports. A system tempcrature of about
60°K was achieved at Haystack using a maser, and about 150°K at Westford using a parametric
amplifier.

The local oscillator (1.O) system is the critical part of the interferomecter, since phase co-
herence and stability depend on the LLO's relative phase noise and stability. The first and most
critical 1.Os are klystron oscillators (at 7710 MHz) which are phasc locked to reference signals
derived from a station standard. [Figure 8 shows a block diagram of the L.O phase-lock system

in which the klystron is scrvo controlled to the 64th harmonic of 120 + 30 MHz.

B. Intersite Coupling

In order to maintain constant phasc diffcrence betwecen the klystrons at the stations, it was
necessary to compensate for changes in thc electrical length of the cables carrying the refer-
ence signals between the two stations. The transmission line servo system shown in Fig. 9 main-
tains constant electrical length by reflecting some of the 120-MHz reference so that a phase
comparison with the transmitted signal can be performed and used to provide an error signal.

In order to identify the reflected signal, a 100-kHz phase-rcversal modulation is applied to the
reflected signal. [Figure 10(a) shows the mechanical line "stretchers" used to correct the linc

length. Figures 10(b), (c), and (d) show thc Westford receiver and paramectric amplifier.

C. Data Interface to CDC 3300 Data-Processing Computer

The final intermecdiate frequency (IF) of both the Haystack and Westford receiver channels
was 2MHz. The CDC 3300 Direct Data Interface converted the signals into a form suitable for
digital processing in the CDC 3300 data-processing computer.

The IF signals were first band limited to reduce the dynamic range requirements of the signal
processing. Then, each channel was frequency translated to a 0-Hz IF by two identical balanced
mixers fed by quadrature reference signals at 2 MHz. The resulting pair of quadrature video
signals represented orthogonal components of a complex signal. These video signals were then
filtered by an identical pair of low-pass filters that produced the equivalent effect of a single
bandpass filter at 1F.

The filters used for the CW data were 5-pole low-pass filters with cutoff frequencies at
256 Hz, which defined the total processing bandwidth of 512 Hz (£256). The filters used for the
coded-pulse data were rectangular 500-usec pulse-matched filters.

In the eoded-pulse case, the planetary Doppler frequency spread was used to limit the spec-
tral width of the signal data processed. Noise data were unavoidably aliased by thc subsequent
sampling. The CW signals were deliberately offset in frequency by +100Hz so that a symmetrical
noise ecomparison bandpass was available and to avoid centering the signal on the troublesome
zero-frequency point. (DC offsets in the analog system show up as false zero-frequency signals
in the subsequent processing.)

Filtered signals were amplified and simultaneously sampled by a 4-input analog sample-and-
hold multiplexer (these four signals are the two pairs of eomplex signals for Haystaek and West-
ford receivers). The "held" signals were then sequentially encoded by an 8-bit A/D converter.
Encoder output was plaeed in the proper format and transmitted directly to the lower 16K core

memory of the CDC 3300 data-processing eomputer by the Direct Data Interface.
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Fig. 10(0). Line stretchers. Fig. 10(b). Westford receiver at Haystock.

Fig. 10(c). Westford receiver at Westford. Fig. 10(d). Close-up view of Westfard
porometric omplifier.
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The Interface is under timing control of the Radar Sequcncer, which generates start and
stop functions as well as supplying range rate offset sampling pulses. The Interface directly
controls the location in core memory for each data word, and pcriodically communicates control
and time information to the computer program by a standard eomputer communication channel,
to synchronize thc computer program cycling to the radar timing.

The CW data were sampled at a rate of 512 samples per second for each complex pair of
samples, covering an unambiguous frequency range of 512Hz. The coded-pulse data were
sampled for 31 points at 500-pusec spacing for each eode interval of 15.5 msee. Eaeh range box
then effeetively eovered an unambiguous frequency range of 64.5Hz, which produces some fre-

quency aliasing of the noise in the analog signal bandwidth being enecoded.

D. Doppler and Range Rate Tracking

During the experiments, the radar reeeiver was eontinuously tuned to remove the Doppler
frequeney shift of the received signal arising from the motion of the planet's eenter with respeet
to the observer. The ranging experiments also required a eloek signal that was offset in fre-
qucncy to eompensate for the range rate of the moving planet. Equipment used for traeking both
the Doppler shift and range rate was under control of the Univae 490 pointing eomputer. The
basic frequency control information was derived from the planetary ephemeris.

Doppler frequency was removed by offsetting the second reeeiver LO at 100 MIIz by the
amount of the predicted Doppler shift. This I.O signal was gencrated using a digitally eontrolled
frequcney synthesizer (HHI’5100A). The frequency was ineremecnted in 0.1-11z steps by command
of the U490 pointing eomputer at a rate of 20 commands per second. Since the typical rate of
change of frequency was less than 21iz/scc, thc Doppler shift was compensated with a precision
of £0.1 Hz and with an accuraey determined by the basic ephemeris and knowledge of time. Sinee
the coherent data proccssing did not attempt an equivalent frequency resolution finer than 1 Iz,
the frequeney tuning system itself should not have produced significant speetral smearing or off-
set. Although the frequency of the synthesizer was stepped 20 times per second, phasc diseon-
tinuities of the 1.O were produeed only by 1-kIfz eontrol digit changes which occurred typieally
at 15-minute intervals.

The equipment used for generating the range rate offsct cloek signal took advantage of the
faet that the fractional frequeney offset required is the samec as the ratio of Doppler frequeney
shift to earrier frequeney. The earrier frequeney was 7840 MHz and the basie eloek was derived
from the 1-MHz station standard frequeney. The generated Doppler frequeney offset present in
the seeond LO signal coneeptually was divided by 7840 and applied as a single-sideband modula-
tion to the standard t-MHz elock signal, preserving sign as well as magnitude. The aetual hard-
ware implementation was, in fact, more complex but did produee an offset elock signal that was
used to sample the received signal for digital proecessing. In effeet, a moving time base that
traeked the planetary motion was used to produec a "stationary" target with respect to the eom-

puter data processing.

E. System Sequencer

The timing signals for the Hayford experiments are controlled by the Haystack Radar Se-
quencer. All cxpcriments start on a selected minute. Transmission is then enabled for an
interval equal to the round-trip signal flight time (received from the target ephemeris and quan-

tized in 1-psec increments).
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After the flight time has elapsed, control lines are activated which signal the changeover
from transmit to receive. The signal A/D converter and computer interface are enabled in prep-
aration for the data-taking phase.

On the occurrence of a preset time pulse (about 30 sec later), sample commands are gen-
erated and transferred to the A/D control unit. The incoming return is sampled, the resulting
8-bit word is formatted, and the characters are transferred into the computer's storage bank.
Samples are taken continuously until another flight-time interval has elapsed, at which time
stop commands are generated, control is transferred to the computer program, and the system
is readied for another run.

All timing during the receive interval is based on a Doppler-corrected 1-MHz clock which
compensates for the time compression (expansion) of the target return. The sample pulse gen-
erators and interval counters thereby track the return in time. System timing functions are

generated relative to the initial start with a precision of #125 nsec and to an accuracy of 1psec.

F. System Tests
Assuming that both systems already operate as single-antenna planetary radars, the major
tests are those concerned with testing the opera-
tion of the system as an interferometer. The %9
first test consisted of running both receivers ad-

jacent to each other (at Haystack), with the in-

PHASE (deg)

tersite coupling cables making a loop through the

Millstone radar (approximately half way between
Haystack and Westford). By feeding a test sig- HOURS

nal into both receivers, the relative phase sta- Fig. 11. Instrumental phase stability.
bility of the interferometer receivers could be

checked directly. Figure 11 shows the long-term phase stability, while Figs. 12(a) through (c)
indicate short-term stability or phase noise of the system.

Further phase stability tests were made with the Westford receiver installed on the 60-foot
antenna. These tests were first made with a test transmitter located on a pattern truck 50 km
away. Large relative phase fluctuations were observed, as shown in Fig.13;, however, these
fluctuations were shown to be largely due to refractive index fluctuations by repeating the test

with a test transmitter at Haystack (Fig. 14).

V. DATA-REDUCTION TECHNIQUES
A. Atmospheric Fluctuations and Refraction

When computing the fringe pattern or the position of the lines of constant phase relative to
the celestial sphere, it is necessary to take careful account of the refraction in the earth's
atmosphere and ionosphere. If the earth's atmosphere and ionosphere were plane parallel and
uniform along the plane, then the ray paths reaching two antennas at equal elevations are equal,

so that the interferometer phase wr , could be computed from Eq.(5). In other words, in this

d
case the baseline can be considered to be outside the atmosphere since the atmosphere does not
affect the fringe pattern location. Because of the curvature of the earth and the nonuniformity
of the atmosphere, a precise estimate of the location of the fringe pattern can only be made by

integrating the electrical length along the ray path to each antenna. However, the effect of earth
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curvature can be taken into account, when thc antennas are spaced only a few miles apart or less,
by using Eq.(4). The apparent clcvation E_ differs from the elevation without thc atmosphere
by the refractive bending €. When E, . and d are zero, Eqgs.(4) and (5) give the same rcsult if

W
€ is approximatcd by

€ =~ (N X 10'6) cotEp (74)

where N is the refractive index on the ground in N-units. More precise bending values, together
with refractive index valucs, have becn tabulated by Bean and Dutton.4 At X-band, the ionospheric
refractivity is only a few N-units (owing to a decrease proportional to frequency squared), while
the major contributions to the tropospheric refraction are water vapor (~100 N-units for 90-
perccnt relative humidity) and the dry atmosphere (~220 N-units at 25°C). Unfortunately, the
contribution of the water vapor to the refraction is liable to be very nonuniform and can result

in large rclative path differcnces between the two antennas. The rclative electrical path differ-
ence which produccs a phasc shift in the fringe pattcrn of 2rANAD/A radians is timec varying and

results in "bad seeing." For example, a cloud of 15 N- o0 e
3-D0-4199-

units, 3000 fect deep, will producc a phasc shift of 2« é

radians over a timc span of a fcw minutes as it drifts ; 0 P N T Sgaeie
through the beam of one and then the othcr antenna. %_60 | | [ { f
Clouds arec not the only form of atmospheric irregular- 1222 1222 HOL:ZZ; G

ities — weather fronts and turbulence also produce bad
Fig. 15. Interferometer phase of region

seeing conditions. Figure 13 shows the interferometer
around subrodar point.

phase fluctuations produced by relative path differences

of a signal from a pattern track, while Fig.15 shows the phase fluctuation of the subradar point
on Venus as measured with the planetary radar interferometer. Since thc subradar region on
Venus is constrained by the range-Doppler gate, it is difficult to see how those fluctuations could

arise from Venusian atmosphere rather than the earth's atmosphere.

B. Use of Subradar Point as Phase Calibrator

As a result of the refractive fluctuation discussed in Sec. A above, it was desirable to stabi-
lize the fringe pattern relative to the planetary surface. This was done by referring all the
measured phases to that of the first range box and zero Doppler on the cell which surrounds the
subradar point. 1n the "coded" mode, the maximum error of the phase calibration due to the
energy within the range-Doppler cell being nonuniformly distributed is just the phasec difference
between the subradar point and the edge of the cell. Thus, it is most desirable to make the first
range-Doppler cell as small as possible by making the first range box just graze the leading
edge of the planet. Figure 16 illustrates the calibration box and the fringe pattern on the planet.
In the CW mode, the phase calibration was performed on the zero-Doppler strip. This technique
could have resulted in a large error, as the phase of this strip could be far removed from that
of the subradar point. However, because of the strong highlight at the subradar point or the
sharpness of S(©) about © = 0, the phase is essentially determined by the return from the sub-

radar point.

C. Removal of "Mean Planet"

The planet's scattering law S(Yn’ Zn), which is defined as the power returned from unit area

of the planet for an incident plane wave of unit power per unit cross section, can be decomposed
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into a "mean planet" scattering law S(O)I and deviation from the mean planet Sé(Yn, Zn). The
S(0) is only a function of the angle of incidence 6, while the deviation results from surface
"features." From Eq.(50), the powcr in a particular delay-Doppler ccll in the projected Yn’ Zrl

plane is

g SO) 4y az_+ \ sy .z ) i 75
cos O n ’n 6'"'n'n’ cos©O (7

where the integration is carried over the area of the ccll. 1n the CW mode, the power in each

Doppler strip from the mean planet scattcring law is

S‘ S(0) 4 (76)

cos O n

if the Doppler strips are very thin, while the power in each range cell beforc frequency analysis
is

S(©)
cos ©

X (area of Doppler cell) (77)

or just S(O) since the areca is proportional to cos 6. Since

r —2rtc

cos0=X_ =_P (78)
n I‘p

O is determined by thc delay.
The above decomposition into mean planet and features is especially useful when the mcan
planct dominates the signal returned. This is the case for Venus, which has a scattering func-

tion S(6) (for the polarized echo) which is highly peaked at O = 0 and drops by more than 30dB

1 5(8) includes effect of the planet's atmospheric attenuation.
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at the limb or as ® - 90°. The powcr in each range-Doppler ccll at angle of incidence 6 is

approximately
dY dZ
S(9) S‘ CO‘SO (79a)
where
dy_dz e
S‘ —cgs—en = S‘ arc sin
Yn
1
Yn XnY Ynz
— X_arc sin——2— + arc sin L (79b)
n 2 ZJ 2
1 - )xn 1 - ‘\n 1 —3 v
1
and
= T S
cosO =X =1 er . (79c¢)

1f power in each cell after subtraction of the mean noise is divided by the mean scattering law,

then the power in each cell will be proportional to

[1 o Sé(Yn’ Zn)] i cell area (80)

S(O) cos O

or a planet with no features will appear uniformly bright. A similar scattering law compensation
was performed on the CW data, where the power in each Doppler strip was divided by the in-

tegrated mean [Eq. (76)]. Also, the correlation function of thc mean planet

(lZ

nZ cos ()
dZn
f S48 cos O

[ s(0) cos2nz 1

(81)

was subtracted from the power so that only the features should appear in the transformation.

This was done to eliminate the sidelobes of the mean planet that result from transformation
[I2g.(55)].

D. Real-Time Computer Programs

The purpose of the real-time radar signal-processing program is to collect the sampled
data of the received radar signal and to perform as much processing of these samples as the
computer speed and rate of signal input will allow. Finally, the results of this processing must
be saved (in this case digitally recorded) for any subsequent "off-line" analysis.

IFor the Hayford interferometer experiment, two real-time processing programs were
written for the two basically different experiments that were attempted: the continuous wave,
and the coded-pulse transmission, respectively. These programs were written for the CDC 3300
computer at the Haystack Microwave [Facility. The CW and coded-pulse programs are described

separatecly below.
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1. CW Program

Prior to a day's operation, the relative phase wTy and the rate of change of relative phase
of the two received signals were computed from elements of the planetary ephemerides and the
known interferometer geometry., Provisions for inputs relative to the expected atmospheric
conditions expected were also provided for this calculation. These elements of phase rotation,
in intervals of 1 minute, were stored on magnetic tape and used as an input to the real-time
program. During the transmit portion of a run, the starting time of the receive period is input
to the computer, the tape is searched, and the phase correction components are interpolated
and stored in memory for every coherent interval (approximately 1 sec). Since 512 samples
are taken within each coherent interval, the phase corrections for each sample are computed

by interpolation in real time by means of the following recursion formulas:.

cos Pt © cos ¢ ., cosAe — sing,, sinAg (82)

K K

Sin@ 4 = sine,. cosSAg + cos Y sinAg (83)

where .
K

is then applied to the proper signal. Subsequent to the phase correction, the frequency spectra

is the phase rotation, and A¢ is the phase rotation increment. This phase correction

of the signals are computed by means of a fast Fourier transform routine5 which produces com-
plex spectra components for 512 1-Hz filters which are then recorded on magnetic tape. Suf-
ficient time remains after this operation to produce incoherent sums of the two frequency spectra

which are displayed at the end of each run as shown in Fig.17.

2. Coded-Pulse Program

Since the modulation applied to the transmitted radar waveform is simply a phase-reversal
type, the decoding process employed by the program consists of a pattern of additions and sub-
tractions of the data samples identical to the pattern of phase shifts impressed on the trans-
mission. The coding selected for this experiment was a 31-element shift register sequence
with a baud length of 500 psec. The decoding process yields 31 range sample components for
each signal, with a sample interval equal to the baud length. At the start of each receive period,
the time to 100 usec is read into the computer from the station digital clock., This time is re-
corded on the output tape along with the decoded range samples, since it is necessary for com-
puting the phase corrections in later analysis. Sufficient time remains after the decoding and
recording to incoherently sum the power-vs-delay functions for each signal for display at the
conclusion of the run as shown in Figs. 18(a) and (b).

Listings of the real-time programs appear in the Appendix.

E. Data-Averaging Programs

In the CW mode, the complex samples for each second are used to obtain the power and

Cross powers

Pylw) = xglw) xw) (84)
P\V(w) = Xw(w) x’\iiv(w) (85)
@) = Sgle g la) Lt
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which are then summed for every 15 sec. The 15-sec averages of the cross powers are rotated
by the phase of the zero-Doppler channel (the strip through the subradar point) to remove the
atmospheric fluctuations as described in Sec. V-B. Further, the cross power is rotated by
exp [ZwiAwFIY] to make the fringes perpendicular to the Doppler axis {see Eq. (41)], and the
averages are taken for the whole run — a run being a complete round-trip transmit-receive se-
quence of about 5 minutes for the conjunction period.

The coded data are rotated and averaged in the same manner after the range boxes have

been spectrum analyzed; 64 time samples are spectrum analyzed, yielding 1.008-Hz resolution.

F. Coordinate Transformation and Data Display

For each day's observations, the projected baseline changes in a manner similar to that
illustrated in Fig. 2. 1n the CW mode, the cross power is transformed to give the distribution
along a Doppler strip, at which point the data are in the (X, Y, Z) coordinate system which has
subradar point at (rp, 0, 0) and Z-axis along Doppler axis. The data in each cell (1 Hz in Doppler
and ~1/10 maximum fringe spacing) are transformed to a system (Xp,Yp, Zp) which is fixed to
the planet's surface. Details of the transformation were presented in Sec.111.

The coded data are first transformed from the range-Doppler cells of the upper (northern)
and lower (southern) hemispheres to a raster in (Y, Z) coordinates and then to (Yp, Zp) coordinates.

Details of the transformation were given in Sec.1I. The coded data, which now exist as
functions of Xn and Yn' are also transformed into functions of planetary latitude and longitude
by relations which again are the inverse of Egs. (8) through (16). In addition, the ambiguity
resolving function is applied to the data by multiplying each matrix point by S(Hn or Sg“”n of
Eq. (63) according to whether the value of Zn is positive or negative. In this way, an 81 X 81 ma-
trix of points is generated in a square planetographic grid, with the interval between each matrix
point being equal to 1.25 planetary degrees. Spatial smoothing is obtained by actually computing
the power every 5/12 of a degree and setting the matrix point equal to the average of nine of
these values taken from a 3 X 3 array centered on the matrix point.

The data are now quantized to 45 discrete levels and transferred to an intensity plot by gen-
erating on a very accurate CRT display a raster, each point of which has a duration directly
proportional to the value of the matrix point. This intensity plot is photographed by a special

CRT camera.

VI. RESULTS OF VENUS MAPPING FOR 1967 CONJUNCTION

Venus was observed during the period 2 August through 13 September 1967 for several hours
a few days a week. Most of the data were taken in the CW mode because of the larger baseline
coverage needed to resolve the Doppler strips. However, during the period around conjunction

(30 August), about half the observing time was spent in the coded mode.

A. Map from CW Transmissions

Because of limitations in the operating time and in the orientation of the Haystack-Westford
baseline, it was not possible to obtain data over a wide range of projected baseline. Con-
sequently, determination of the distribution of the power along a Doppler strip suffers rather
seriously from sidelobe effects. Table 1 lists the days on which Venus was observed, as
well as the range of the component of the projected baseline in the direction of the apparent

rotation axis covered in each case. On many days, the baseline change is so small that the
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MAIN LOBE DAY 242 3-31-11032-1
r\\ o~

POWER
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FRACTION OF PLANETARY RADIUS, Z,

Fig. 19. Resolution patterns for doys 242 ond 256.

equivalent spatial resolution pattern differs little from a cosine function. The equivalent res-
olution patterns along a Doppler strip for days 242 and 256 are shown in Fig.19. Due to the
inability of the interferometer uniquely to resolve a planetary feature because of the large side-
lobe effect, it is advantageous to use the change in the subradar point on the planet as well as
the change in direction of the rotation axis as a means of distinguishing the mainlobe from the
sidelobes. As the planet rotates, the angle between the Doppler axis and the planetary axis
changes so that the locations of the interferometer sidelobes move with respect to the mainlobe
as referred to the planetary surface. Thus, if a feature is inadvertently associated with the
position of a sidelobe, it will appear to move from
day to day, while correctly placed features remain
fixed. However, rotation of the planet is suffi-
ciently slow (~1° per day) that this effect will not
be seen in one day's observations. Figure 20
shows a map of the features on Venus in the co-
ordinate system defined by Carpenter.1 The map
represents the average of all the data for the entire
observing period placed on a common coordinate
system; the amount of data for the other side of
the planet is insignificant, and consequently is not
displayed. Figure 21 shows the same map, but
indicates (by means of enclosures) those strong

features which can be associated with the main-

lobe of the resolution pattern. The test for these

features was made by a search through the maps

Fig. 20. CW mop of Venus.

obtained for each individual day. The fact that
some of the scattering centers do not appear to move during the observing period (days 214 to
256) lends confidence to the planetary rotation parameters assumed.
Figure 22 shows the lines of constant Doppler shift which pass through the enclosed features.
The circles indicate the sidelobe positions for these features for different days on which ob-
servations were made. However, some days have been omitted for clarity. The dotted line

indicates the position of the subradar point during the observation period.
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B. Maps from Coded Transmissions

Maps made from the results of the coded mode of operation do not suffer from the sidelobe
effects seen in the CW data, but are not entirely free from ambiguities. First, the upper-lower
hemisphere ambiguity is well resolved by the interferometer only when the signal-to-noise ratio
is sufficient to produce small errors in the measured phase of the cross power. Second, the
repetitive 31-element code is ambiguous in delay, since the planet is 81 code elements deep
(40.5 msec). Also, there is a certain amount of frequency foldover, since the Doppler spread
at the later delays was generally larger than the unambiguous frequency window of 64.5Hz. The
regions of frequency foldover have been eliminated from the maps. However, the regions which
are aliased in delay cannot be removed and some features may, in fact, be associated with regions
which lie 15.5 msec deeper into the planet. In general, however, the rapid falloff of power in
the scattering law renders this possibility unlikely.

Figures 23(a) through (j) are intensity plots made from the power received at Haystack as
a function of delay and Doppler. In these plots, the two ambiguous hemispheres are given equal
weight. Thus, there is symmetry about the line Zn = 0. Figures 24(a) through (j) are intensity

plots with the cross powers Sg and San used to redistribute the power between the two hemi-
s’ ’

spheres. Figure 23(k) shows tlrlle average of data from the whole experiment without hemispheric
resolution, while Fig. 24(k) shows the corresponding average using the ambiguity resolution
functions. Table II lists the number of runs for each day and the approximate distances from the
subradar point for which the Haystack signal-to-noise ratio is both 10 and 3 times the standard
deviation of the associated noise fluctuations (o). In viewing the maps in which the cross power
has been used, it should be noted that, owing to the smaller antenna size and higher system
temperature at Westford, the weighting functions used to redistribute the Haystack power become
very noisy for regions where the Haystack signal alone is less than about 10 0.

The basic spatial resolution is usually set by the delay-Doppler cell size, as given in
Eq.(79b). Reference to Fig. 16 shows that these cells become larger near the Doppler equator.
As an example, on Day 228, F = 74 so that at delay box 31 (about 49 planetary degrees from the
subradar point) the width of the cell is 82 km and the length is about 99 km. In comparison with
this, the cell bordering the Doppler equator is approximately 83 by 900 km.

C. Interpretation of Results

Mean Planetary Scattering Law:— A theoretical scattering law derived by Muhleman6

was found to fit the data extremely well with the addition of 3-dB one-way attenuation for a vertical

path through the Venusian atmosphere. The law used to fit to the CW data was

e-B sec ©

coSs 0013 (87)

S(e)= 3
(sin® + o cos O)

where the exponential includes the effects of atmospheric attenuation. The best fit to the data

was obtained using

B=1.3%0.3

a=0.13 £ 0.2

From Muhleman's theory, the value of o yields an effective mean slope of about 7° at 3.8-cm

wavelength.
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Fig. 23(a-k). Maps from Haystack caded data.
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Fig. 23(a-k). Continued.
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Fig. 24(a-k). Maps with coded interferometer data.
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Surface Features:— From Figs.20 through 24, a number of the planetary surface regions

are seen to exhibit a local increase in the scattered power as compared with the average scatter-
ing behavior. Local reductions also exist, of course, but these are far less obvious in the data.
The common characteristic of the enhancements is that they display relatively little dependence
on angle of incidence, i.e., they contrast far more prominently with their mean-scattering sur-
roundings when located far from the subradar point than when near it. From this behavior, it

is deduced that they are unlikely to be composed primarily of relatively smooth, preferentially
oriented inclined facets, but rather possess substantial roughness at the scale of the wavelength.
Observation of their depolarized scattering properties would obviously be desirable to confirm
this hypothesis, but such observations were not possible with the instrumentation available,

Depolarized observations of these features have been made at longer waveleng‘ths,i”]-10

however,
and these have in fact behaved in a way which is characteristic of diffuse scattering from a locally
rough surface.

The question of the actual composition of the anomalously scattering features is unresolved.
As discussed in the next section, it seems clear that these features are quite firmly attached to
a rigid surface. But, whether they merely represent patches of locally rough horizontal surface
or correspond to rough mountainous regions is impossible to tell from the present data. Long
continued observation using extremely short observing pulsewidths might resolve the topography
along the track of the subradar point to the order of several hundred meters. And if, as seems
likely, there exists substantial atmospheric attenuation at centimeter observing wavelengths,
it is possible that variations in the height of the subradar point could affect the observed radar

cross section.

Location of Features and Rotation Period of Venus:— The system of planet-centered

coordinates used in the reductions reported here is based on a sidereal rotational period of
243,16 days (retrograde), a north pole direction2 of RAa =270.3° and Ga = 66.7°, and an epoch1
which defines the longitude of the subradar point 2s —40° at 0h UT, 20 June 1964. 1t is also re-
quired that the longitude of the subradar point increase in the positive sense with time, and that
northerly latitudes be positive. These assumptions are based upon: (1) the growing suspicion
that the sidereal rotational period of Venus is exactly equal to a resonance value in which Venus
makes precisely four rotations, as seen by an earth-based observer, between successive infe-
rior conjunctions; (2) the direction of the rotational pole of Venus, as determined from the
delay-Doppler observations of Ref. 2; and (3) the epoch defined by Carpenter.1 The last assump-
tion is a convenience to facilitate comparison between the present results and those obtained
earlier at JPL.

Based on this coordinate system, the features listed in Table 111 have been identified. The
ordering is according to decreasing reliability: the first four features listed (I to 1V) are con-
sidered to be quite reliably established; the last four features (A to D) are less firm. Also
listed are the locations of matching features previously identified at the Jet Propulsion Laboratory
during the 1964 inferior conjunction. From the agreement in position to about 2° in longitude,
and from the fact that Venus is known to have made precisely eight rotations between 1964 and
the present observations, the rotational period of assumption (1), above, can be verified as
243.16 = 0.2 days, retrograde. The systematic agreement in position between five of the Haystack
features and those identified earlier at JPL also requires that these features be firmly attached

to the rigid surface of the planet and that they have a lifetime of at least three years. The failure
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TABLE Il
LOCATION OF RADAR FEATURES ON VENUS
Locotion fram Lacatian fram
Our Observations JPL Observations
Latitude Longitude Prabable JPL Latitude Longitude
Feature (deg) (deg) Identificatian (deg) (deg)
. 10 904
Hejstodki 2 +3 %2 Goldstein a 292 0?
Corpenter!  F —26.7%1.8 0£0.7
Haystack 11 +24 £2 -81 +2 Goldstein B +23+4 -78+6
Hoystack 111 +31 £2 -78+2 None
Haystack IV -7 +3 —65£3 Carpenter C —-6.8+5.8 —-68.9£1.3
Haystack A +23+£2 —68 2 Carpenter D2 +22.7 £ 1.7 -70.0+0.7
Haystack B -12+3 —-81 3 Carpenter B1 -11.9+4.4 -75.8+0.6
Haystack C -13x2 -36+3 None
Haystack D +10+4 -394 Nane

to observe other 1964 JPL features in some cases may be due to their lying outside the planetary
region observed by us, and in others possibly by the confusion associated with JPL's use of a

single parameter (Doppler frequency) to analyze the 1964 observations.

VII. CONCLUSION

Despite the fact that maps of the Venusian surface presently obtainable by radar are rela-
tively crude, we feel that the techniques and basic applicability of planetary radar interferometry
have been adequately demonstrated. Because of the opaque cloud cover, radar appears to be
the only existing means of mapping the planet Venus. We hope that future interferometric studies
can be made with a more complete projected baseline coverage, as well as with a greater system
sensitivity. At the present time, the phase-stability limitations set by the earth's atmosphere
have not been reached, and the corresponding limit to the resolution of the technique is still to
be realized. Ultimately, of course, a limit will be reached, although operation at longer wave-
lengths or the use of an extraterrestrial phase calibrator may extend the available resolution

even further.
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APPENDIX

The eomputer program listings used in the reduetion of the Venus data are presented in

this appendix.

Real-Time Programs:— Figure A-1 lists the ecoded-pulse real-time program, and

Fig. A-2 is the CW real-time program. Both these programs run on the CDC 3300 eomputer
at Haystaek. Figure A-3 eonsists of the program used to generate an ephemeris tape for the

real-time fringe rotation of the CW data.

Coded Post Real-Time Programs:— The post real-time phase ealibration program

used to refer the phases of the eoded data to the subradar region is shown in Fig. A-4. Fig-
ure A-5 is the eoded-pulse averaging and weighting funetion generation program whieh averages
the power for a ecomplete day of observing and generates the hemispherie ambiguity resolution
funetions. The programs used to transform the data to the planet's coordinate system and
display the data on a CRT are given in Fig. A-6.

CW Post Real-Time Programs:— Figure A-7 is the CW phase ealibration program

whieh refers the phases to the subradar region. The CW averaging program (Fig. A-8) aver-
ages the data for runs with the same projeeted baseline and then takes the transform over dif-
ferent projeeted baselines. Figure A-9 lists the programs used to display the CW data in the

planetary ecoordinate system.
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ENTRY MAINsCINIT»RUN

EXT INPUT» INIT»ENDRUN
EXT CIT,CSTrABNORMAL
MAIN UJP * X
LOCO EQU 0
SJS *42 SSWTCH 5 ON MAKE BOOTSTRAP TAPE
UJP START
LDA *=1
STA LOCO
CON 6¢0
UJP *=1
SEL 890
UJP *=1
ENA'S 0
ENI Tl
STA CSTr1 CLEAR CST
1J0 *=1,1
OUTW 0000777408
UJP *x=2
EXS 200
UJP *=1
EXS 2400890 CHECK FOR ERRORS
HLT *x+]1
SEL 130
UJP *=1
EINT 0
HLT 777408
START RTJ INPUT
RESTART RTJ INIT
RTJ RUN
RTJ ENDRUN
UJpP RESTART
EJECT

Fig. A-1. Hayford coded-pulse real-time processing program.
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& CINIT CLEARS ARRAYS AND SETS UP INTERRUPT LOCATIONS

CINIT uJrP * %
ENArS 1
STA INT1-1 POWER FAILURE:, TEMPORARY HALR
ENI ABNORMAL »1
STA 1.1 SET UP STOP IN ABNORMAL
ENArS 0
STA TIME]
STA TIME2
STA OUTBUF
STA NTAPES
STA ICNT
STA FCNT
ENI 12301
STA ICOH,1
I1JD *=1,1
ENI 8191.,1
LDA BIAS
STA BUFO,1 CLEAR BUFFERS INITIALLY
I1JD *=1,1
ENI 4091,1
STA DATA,1
14D *=1,1
ENI 211
LDA CITs1
STA CITSAVE.1 SAVE CIT TBL
IJD *x=2s1
UJPr I CINIT RETURN TO INIT
EJECT

Fig. A-1. Continuved.
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* RUN CONNECTS INTERFACE AND OUTPUT DEVICES

RUN UJP * %
SJl * SSW 1 ONr WAIT FOR INTERFACE
SSIM 178
CuN 20008:3
UJP *=1
£XS 1.3 TEST FOR READY
UJP *+2
UJP k=2
SEL 503 CLEAR CH3 INT.
UJP *=1
I0CL 5 CLEAR CHAN 0 AND 2
CON 2:0 CONNECT UNIT 2 TO CH 0
UJP *=1
ScL 6+0 SET 800 BPI UNIT 2
uJP *x=~]1
SeL 8.0 REWIND UNIT 2
UdJdpP *=1
ENI 1201
ENAPS MANUAL
STA CITr1
ENI 1401
ENArS CHO
STA CITe1
ENI 171
ENAPS CH3
STA CITr1
SEL 313 ENABLE/START WRITE CORE
UJP k=1
EXS 4¢3 TEST FOR WRITE CORE
UJP *+2
UJP *=2
ScL 128+ 3 READ TIME FUNCTION
UupP *=1
INPW Sy TIMEL» ICNT READ IN START TIME
UJP *=2
PAUS 108
UJP *+1
OUTW OrITITLE,ICNT
UJP *=2
EXS 2+0
UJP *=1
EINT 0
UuP * WAIT
EJECT

Fig. A-1. Continued.
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PROC IS THE MAIN PROCESSING ROUTINE

ADAQ
AOAQ
AUAQ
ADAQ
ADAQ
STAQ
LOAQ
ADAQ
AUAQ
AVAQ
AUAQ
AJAQ
ADAQ
ADAQ
AUAQ
ADAQ
AUAQ
ADAQ
AuAQ
AOAQ
AUAQ
AUAQ
SBA

228

611

122¢2
DATA+3968¢2
DATA,2
-212

Atl'l
1983,1
39662
BUF0,2
DATA+124,2
=212

A.2r1
19831
39662
1223

RESET CLOCK

TRANSFER LAST CODE INTERVAL

TRANSFER INPUT BUFFER TO DATA

COMPUTE NEGATIVE SUM INCLUDING BIAS

BIAS
DATA+24.2
DATA+26+2
DATA+32¢2
DATA+44,2
DATA+60¢2
DATA+68¢2
DATA+7692
DATA+80¢2
DATA+84.,2
DATA+88+¢2
DATA+96¢2
DATA+100r2
DATA+1082
DATA+120r2
DATA+124,2
SAVEN
DATA+U4.,2
DATA+dr2
DATA+1ler2
DATA+1692
DATA+2Us2
DATA+36+2
DATA+40¢2
DATA+48,2
UATA+52¢2
UATA+50¢2
CATA+04 2
DATA+72:2
DATA+92:2
DATA+104r2
DATA+l1ller2
DATA+116¢2
SAVEN

Fig. A-1.

BIAS=00000177,00000177

Continued.
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Uel STA DBLOCKO,2

TuM 716
Vec MUA DYLOCKO 2
STA ZAU+]
THA 716
53A SAVEN+1
Jed STA O3LOCKO+1se
Ues MUA D3LOCKO+1,2
SHAG 24
AJAQ ZAW
ADAQ 1COH, 3
STAQ ICuH 3
TIA )
AlJdrNE *+2
el 124+ 3
INI =213
INI =22
1Ju Addel
LJA CUT3UF
Aldreu OUTY
Luw VUTBUF
LDA ICHT
STAQ FIKSTL
OJTwe INT  0rFIRST1083L0CK1+3968
uJp *=2
UJP WALT
CuTuy LJu OUT3UF
LJA ICNT
STAQ FIRSTO
OJTW» INT  0+FIRSTODBLOCKO+3968
Uur *=2
WAILIT TA 228
CDI ICNT,1
159 1001
STA ITIMEL, )
EXS 443 CORE WRITING
UJP * YES ¢ THEN WAIT FOR EOB INTERRUPT
RoM ENU OF RECEIVE PERIOD SENSED IN PROC =
ReM FINNSH UP PHASE 1 AND START PHASE 2
ENUREC IoCL 108
SZL 13,0 enND FILE TAPE 2
UuP *=1
Sc 810 REWIND TAPE 2
JJP *=1
enNI 210}
LOA CITSAVE, L
STA CIiTr1 RESTORE CIT TABLE
I1JD x=291
UJPr I RUN RETURN TO MAIN PROGRAM
EJECT

Fig. A-1. Continued.

50



[ 3R I 2 2

LOSTEST

ADUO

EXIT3

NOTEOB

£OB1

FAULT

CH3 InTerFACE INTERRURPT PROCESSOR

ANAYS
AZJdrba
AsE
UJpP
ENI
el
ENAS
STA
ST1
ST1
STl
INI
STI
STI
ENAPS
RAD
Lul
TJA
Is6
STA
SeL
UJP
ENI
STI
ENACS
ENI
STA
UJP+ 1
NI
eNI
EiNAYS
STA
UJP
EiNAPS
RAD
Sct
UJP
UJP
EJECT

778
2100
FAULT
776
608
NOTEGB
203
EOS1
BUF0,2
D3LOCKO 3
0
CUT3UF
A.&'Z
Dele3
De203
1¢3
De393
Delhr 3
1

ICNT
ICNT .2
228
10U»2
ITIMEZ 2
1083
*=1
PROC,1
INTL.1
CH3
CLTel
1791
CHS
BJUF1,2
DBLOCK1» 3
b
OUTBUF
AUMOD
1

FCNT
1183
*=1
EOBTEST

Fig. A-1.

COPY STATUS OF CH 3

ADDRESSES FOR BUFFER ¢

MODIFY A.2 FOX SUFFER
MODIFY DBLOCK ADDRESSES

ICNT= NO. OF SBUFFERS

RETURN

UP FCNT
CLEAR FAULT INT

Continved.
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* CHO CHANNEL O (TAPE) INTERRUPT PROCESSOR

CHy UJP *
ENA?»S CHO
ENI CITr}
STA 1401 RESTORE CIT+1iu4
COPY 0 COPY STATUS» CH O
INCL 0001 CLEAR INT CH O
TAM TobB SAVE STATUS
LDA ICNT
ASE 1200
UJP *+2
UJP EQT
TMA 768
LPA =02400 TEST FOR ERROR
AZJr N ERT
UJPr 1 CHO RETURN
EOoT SEL 13:0 END FILE TAPE 2
UJP *=]1
SeL 890 REWIND TAPE 2
UJP =]
IO0CL 1
uJP *+1
CON 30
Jup x=1
ENAPS 1
STA NTAPES
UJPr CcHO
oRT ENAPS 1
RAD IERRTONT UP TAPE ERROR COUNT
UJP e 1 CHO
RaM ERR INT ANS ROUTINE
R uJr * ok
LCA INT1+1
Loy INT1
HLT *+1
UJPr 1 ERK
RZM TEZMPCRARY HALT WITH LLOCS 4 AND 5 IN Q AND A
MANUAL uJP * % MANUAL INT ROUTINE
Sisls 403 DISABLE WRITE CORE
UJP *=
JCos 0 STOP
Sul ENOREC SENSE SWITCH 1 oM GO TO £ND
IoCL l1uu OFF CLEAR INTZRFACE.
UuP RLSTART RESTART
EJECT
INT1 [V} 4
sUry tay €192
BUF L cal 12288
SAVEQ LT V]
SAVEN 5355 <
oIAS oCcT udubo177
oCT 00000177

Fig. A-1. Continued.
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ZAQ ocT 0

oCT 0
DATA B85S 4092
QUTBUF B8SS 1 0 IF BUFO JUST FULL» 1 FOr BUF1
DATA
1COH BSS 124
FIRSTO BSS 2
DBLOCKO BSS 3968
COMMON
1TIMEL BSS 100
1TIMER B85S 100
ITITLE B5S 18
IRUN B8>S 1
TIMEL BSS 1
TIME2 BSS 1
ICNT B5S 1
FCNT BsS 1
IERRTCNT BSS 1
NTAPES B5S 1
CITSAVE 8B5S 22
FIRST1 BSS c
OBLOCK1 8SS 3968
END MAIN

tFORTRAN L
SUBROUTINE INPUT
COMMON ITIMEL(100)1ITIMC2(100)
COMMUN ITITLE(18) » IRUN,ITIML1ITIM2, ICNT»IFCNT IER
TYrPe UOUBLE(c) ICOH
COMMON/DATA/1COH(62)
IRUN=1
READ(60,200) (ITITLE(I) I=1,18)

200 FORMAT(18A4)

RETURN
ENuU

SUBROUTINE INIT

COMMOIN ITIMEL1(100)ITIMEZ(100)

COMMON ITITLEC(LB) e IRUNSITIML»ITIM2ICNT,IFCNT»IcR
TYPe DOUBLE () 1COH

COMMUN/UATA/1COH(02)

1ER=Y

IRUNZIRUN+1

CALL CINIT

RETURN

.ND

Fig. A-1. Continued.
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SUSROUTINE ENDRUN
COMMON ITIMEL1(100)ITIME2(100)
COMMUN ITITLE(18) ¢ IRUNeITIML»ITIM2,ICNT»IFCNT»IER
TYPE DOuslLE(2) 1ICOH
COMMON/DATA/ICOH(62)
DIMENSION HAY(31)»WES(31)X(31)
CONVERT TO FLOATING POINT
00 1 I=1,31
K=2%]
HAY (I)=ICOH(K-1)
WES(I)=ICOH(K)
1 X(I)=I
WRITZ(610200) (ITITLE(I)»I=1r18)
200 FORMAT(18A4)
WRITc(61»2000) IRUN
2000 FORMAT(9Xr11H RUN NUMBER»15)
WRITC(61¢7007) ICNT»IFCNT,IER
7007 FORMAT(6Xe17H NOe OF BUFFERS =»I18,16H NO. OF FAULTS =»18¢23H NO. O
1F PARITY ERRORS =.18)
WRITC(610100) (MeHAY (M) o WES (M) eM=1»31)
100 FORMAT(L1Xe»7HBOX NO«r4X)BHHAYSTACK 18X 1 BHWESTFORD»/» (3(1XeISrF16.0rF
116,0)))
CALL SKETCH(xrHAY»31)
CALL SKETCH(XewWES»31)
WRITCZ(61999) (ITIMEL(I)ITIME2(I),I1=30:4%0)
99 FORMAT(218)
RETURN
END

Fig. A-1. Continued.

54



EXT FOURIER2

EXT INPUT, INIT,ENDRUN
EXT CIT,CST,ABNORMAL
MAIN UJp v
L0co EQU 0
SJ5 .2 SSWTICK 5 ON MAKE BOOTSTRAP TAPE
uJp START
LDA .1
STA LocCo
CON 6,0
UJP -1
SEL, 8,0
uJe LY
ENA,S 0
ENI 7,1
STA CcsT,1 CLEAR CST
1JD *-1,1
QUTHW 0,0,777408
uJp *-2
EXS 2,0
UJp *-]
EXS 24008,0 CHECK FOR ERRORS
WLT LSS
SEL 13,0
UJp el
EINT 0
HLT 777408
START RTJ INPUT
RESTART RTJ INIT
RTJ RUN
RTJ ENDRUN
UJP RESTART

Fig. A-2. Hayford CW real-time processing program.
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CINIT

CINIT CLBARS ARRAYS AND SETS UP [NTERRUPT LOCATIONS

uJp
ENA,S
STA
ENI
STA
EN]
LDA
STA
IJb
ENA,S
STA
STA
ENI
STA
§STA
1JD
ENI
STaA
STA
1JD
STA
LDaA
STA
LDA
STA
LDA
§TA
LDA
STA
ENI
LDa
STA
1JD
NI

*w

1

INT1=1
ABNORMAL, 1
1,1
6144,
BIAS
BUF0,1
*=1,1

0

ICNT
FCNT
100,1
ITIMEL,1
ITIMER,1
*2,]
2047,1
DBLOCK,1
SPECTRA,Y4
LY IR
IERRTCNT
CoSTBL
coso
SINTBL
SINO
CoSDTHL
cosDo
SINDTBL
SINDO
21,1
CiT,1
CITSAVE,1
v-2,1
CINIT

Fig. A-2,

POWER FAILURE RALT
SET UP STQP IN ABNORMAL

CLEAR BUFFERS

LOAD INITIAL TRIG FUNCTIONS

SAVE CIT TABLE

Continued.
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RUN

REINIT

RUN CONNECTS INTERFACE AND OUTPUT DEVICES

uJe
DINT
SCIM
SS|M
CON
uJe
EXS
(VNT
uJe
SEL
uJp
jocL
CON
uJe
SEL
uJe
EN]
ENA.S
STA
EN]
ENA,S
STA
ENI
ENA,S
STA
SEL
uJe
EINT
SJ2
EXS
uJe
uJe
OUTW

VJp
EXS
uJp
uJpP
SJ6
SEL
uJe
JocL
§J3
CON
uJe
UJr

e

0
77678
178
20008,3
*-1
1,3
002
v.?
5,3
v

5

2,2
.1
6,2
vel
16,1
CH2
CiT7,1
12,1
MANUAL
Ci1T,1
17,1
CH3
CiT7,1
3,3
vl

0
REINIT
4,3
'.2
v

2,M0IS0,ITITLE*17

v
2,2
LA
*
*ed
8,2
.1
4
*eJ
1.2
ve1
RESTART

DISABLE INT SYSTEM
CLEAR INTERRUPT MASK

CONNECT CHAN 3

TEST FOR READY
YES

CLEAR CH3 INT

CLEAR CHAN 0 AND 2
CONNECT UNIT 2 TO CHANNEL 2

SET 800 BpI

SET UP CH2 INTERRUPT LOC.

SET CH3 INT ADBRESS
ENABLE/START WR]TE CORE

ENABLE INTERRUPTS
TEST FOR WR]TE CORE

WAIT TILL FINISKED
WA]1 FOR INTERRUPT

CONNECT UNIT 1

Fig. A-2. Continued.
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PROC IS THE MAIN PROGESSING ROUTINE

P L L L A R R R A R A R R

PROC ENA»S 0
TAM 228 RESET CLOCK
LDI ICNT,1
1s6 610,1
UJp *e2
UJP TOOLONG
EN] 2044,1
ENI 11,2
Al \LDAQ Byro.,1
SBA HIAS
STA ITR,2
SHAQ 24
SBA BlAS
STA IT1,2
INI ~4,1
[JD A, L,2 THIS LOOP ® 12 MS. APPROX
RTY FOURIERZ HAYSTACK SPECTRUM 300 MS. APPROX
ENJ 2046,1
EN] 511,2
ENI 1022,3
A2 LDA ITR,2
STA DaLoOCK,3
MUA ITR,2
STA IR+1
STQ s
LDA IT1,2
STA DBLOCKe1,3
MUA IT1,2
SHAQ 24 QxA
ADAQ ZR Jew2eRew2
SHAQ -5
ADAQ SPECTRA,J
STAQ SPECTRA,J
A,3 LDaAQ BuFo,1
SBA BIAS
TAM 708
SHAQ 24 0 =A
SBA BIAS
TAM 718
MUA SINO
SHAQ 1
STQ TEMP1
TMA 708
MUA coso
SHAQ 25
ADA TEMPL WRAC*COSO*WKSeSINO2WC
STA ITR, 2
THMA 708 WXC
MUA SINO
SHAQ bl
STQ TEMP2 W,CeSINOD

Fig. A-2. Continued.
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TMA 718

MUA Coso

SKAQ 25

SBA TEMP2 W2S*COSO-WRC*SINO=WS
STA Iti,2

REM END OF PHASE CORRECTION,BEGIN TR]G RECURSJON
LDA Coso

MUA CosDoO

SHAQ b

STQ TEMP3

LCA SINO

MUA SINDO

SKAQD 25

ADA TEMPI

STA Coso

LDA SINO

MUA CosDO

SHAG 1

STQ TEMP4

LDA Coso

MUA SINDO

SHAQ 25

ADA TEMP4

STA SIND

INI -4,1

IN] 2,3

1JD A,2,2

RTJ FOURIERZ WESTFORD SPECTRUM 277+369 MS
EN] 1022,3

EN} 511.2

LDA ITR,2

STA DBLOCK«102¢,3
MUA ITR,2

STA ZR+1

STQ ZR

LDA Itl,2

STA DBLOCK«1025,3 DBLOCK+2047 INITIALLY
MUA IT1,2

SHAQ 24

ADAQ ZR

SHAQ -5

ADAQ SPECTRA+1024,3
STAQ SPECTRA+1034,3
INI 23

1JD A,4,2

REM PICK UP NEXT SECOND%S PHASE CORRECTIONS
LD} ICNT,1

LDA CosSTBL,1

STA coso

DA SINTBL,1

STA SIND

LDA CoSDTBL» 4

STA CoSDO

LDA SINDTBL, Y

Fig. A-2. Continued.
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STa SINDO

LDy ICNT,1
TMA 228
186 100,1
STA 1TIMEL,1
RECORD LDa ICNT
L0Q SAVEQ
STAQ FIRST
QUTW, INT 2,FIRST.DBLOCK+2048
uJp *-2
ENA,S 0
$TA SAVEQ
ENDTBST EXS 4,3
uJe . YES,THEN WA]T
END [oCL 108 CLEAR INTERFACE
EXS 2,¢
UJP 0] WAIT TILL FINJSHED WRITING
SEL 13,2 ENDFILE UNIT 2
UJr LD
SJé *e3
SEL v,2 REWIND AND UNLOAD [F SSW6 ON
uJp v-1
EXS 2,2
uJp v-1
jocL 4 CLEAR CH2
CON 1,2 CONNECT UNIT 4 TO CHR
uJe *-1
ENI 21,1
LDaA CITSAVE,1L
STA CIT,1 RESTORE C|T TARLE
1JD *-2,1
DINT 0
SCIM 108
SSIM 78
EINT 0
UJP, | RUN

Fig. A-2. Continved.
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CH3

EOBTEST

EXIT3
NOTEOB

FAULT

CH3I |NTERFACE INTERRUPT PROCESSOR

uJr e

cory 3 COPY STATUS OF CH 3
TAM 778

ANA,S 21008

AZJ:NE FAULT

TMA 778

ANA,S 608

A2J,E0 NOTEO®

ENI BUFO0,2

ASE 208

ENI BUF1,2

ST} A.1,2 MODIFY A.1 FOR BUFFER
STl A, 3,2 MODIFY A.1+A.3 FOR BUFFER
ENA,S 1

RAD ICNTY JCNT= NOQ. OF BUFFERS
(D1 ICNT,2

TMA 228

186 100,2

STA ITIME2,2

SEL 108,3

UJR v

EN] PROC, 1

ST1 INT1,1

ENA,S CH3

ENI CiT,1

STA 17,1

UJP. | CH3 RETURN

ENA,S 1

RAD FCNTY UP FCNT

SEL 118,3 CLEAR FAULT INT
uJp *-1

uJe EQBTESTY

Fig. A-2. Continued.
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CH2

ERT

MANUAL

TOOLONG

INT1
BUF D
BUF1
BIAS
SAVEQ
coso
SIND
cosbo
SINDO
TEMPL
TEMP2
TEMP3
TEMP4
CITSAVE
ZR

ITR

171
SPECTRA
COSTBL
SINTBL
COSDTBL
SINDTBL

MO1SO
IRUN
ITITLE
IERRTCNT
ICNT
FCONT
FIRST
DBLOCK
ITIMEL
ITIME?

CH2 TAPE CHANNEL INTERRUPT PROCESSOR

vJp
ENA,S
EN]
STa
copy
INCL
TAM
LPA
AZJ,NE
UJP, |
ENA,S
RAD
UJP, |
uJpP
SEL
UJpP
ucCs
SJ1
[ocL
UJR
SBCD
UJP
EQU
EQU
EQU
ocT
8SSs
BSS
BSS
BSS
8SS
BSS
8SS
BSS
BSS
BSS
8SS
DATA
BSS
BSS
BSSs
BSS
BSS
BSS
BSS
COMMON
BSS
BSS
BSS
BSS
BSS
BSS
B8SS
BSS
BSS
BSS
END

L

CH2
CiT,1
16,1
P
0004
768
202400
ERT
CH2

1

RESTORE CTe1ls
CLEAR INTERUPT CH2
TEST FOR ERROR
RETURN

IERRTCNT UP TAPE ERROR COQUNT

CHZ

LR ]

4,3

.1

0

END

108
RESTART
0
ENDTEST
4

8192
12288
177

b

NI 8 e

v
[y
N R

<048
610
610
610
610

8

NP By

2048
100
100
MAIN

MANUAL INT ROUTINE
DISABLE WRITE COQRE

STOP

SENSE SWITCH 1 ONs GO TO END
OFF CLEAR INTERFACE,

RESTART

SET BCD FAULT LITE

Fig. A-2. Continued.
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200
c

13
12
11

1000

1002

oo

SUBROUTINE INPUT

COMMON MOISO0,JOURD,IHRO,FIMNO

COMMON TRUN,ITITLE(18),]ER,ICNT,IFCNT,1BLOCK(2050)
COMMON JTIMEL1(100),1TIME2(100)

TYPE DOUBLE(2) SPECTRA
COMMON/DATA/ITR(512),IT1(512),SPECTRA(1024)
COMMON/DATA/]COSPO(610),1SINPO(610),100SD0O(610),ISINDO(S10)
DIMENSION IDENT(72),IDATES(72)
READ(80,200) (ITITLE(]),]=21,18)
FORMAT(1844)
SENSE SWITCH 3 ON, TEST ROTATION

GO TO(1,13) SSWTCKF(3)

WRITE(59,12)

FORMAT(31H TYPE MONTH, DAY, KOUR, MINUTE)
READ(58,11)M01S1, JOURL, IKR1, IMNL
FORMAT(412)

READ(6,1000)IDENT

READ(6,1000) IDATES

FORMAT(72R1)

IMNL = [MN1 = 2

IF(IMNL)4,3,3

IHRY1 =z [KR1 = 1

IMN1 = [MN1 + 60

IF(IHRL1)S5,3,3

JOUR1 = JOURY -

IHR1 = [HR1 + 24
READ(6,1002)MDIS, JOUR, IKR, IMN,RL,R2,D
FORMAT(4]2,3E18,11)

IF(MO]S=MOIS1)3,6,1

JF(JOUR-JOUR1)3,7,1

JF(IHR-IKXR1)3,8,1

IFCIMN-IMNLY I3, 4,1

JRUN=Y

RETURN

END

Fig. A-2. Continved.
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SUBROUTINE INIT
COMMON MOISO0.,JOUROD,[MRO,FIMNO
COMMON IRUN, JTITLE(18),1BR,ICNT,IFCNT,1BLOCK(R050)
COMMON ITIMEL1(100),[TIME2(400)
TYPE DOUBLE(2) SPECTRA
COMMON/DATA/ITR(512),)T1(542),SPECTRA(1024)
COMMON/DATA/IcOSPO(610),ISINPO(610),1CO8D0(610),1SINDOCE10)
DIMENSION IWR(256),IW}(286),]1TR2(256)
DIMENSION REPH(15),RPHD(415),D0RP(15)
GO TO (20,21) SSWTCHF(3)
20 WRITE(59,223)
223 FORMAT(37H TYPE IN ROTATION IN CPS, FORMAT F6.3)
READ(B8,222) FCPS
222 FORMAT(F6,3)
ARG15FCPSe2,0¢J3,1415926536
* ARG2=-ARG1/542.0
PO 44 JUs1,610
AEARGL*(J=-1)
ICOSPO(J)=8388607,0¢COS(A)
ISINPQ(J)=8388607,0¢8IN(A)
1C0SDO(J)=8388607,0¢COSCARGR)
44 [SINDO(J)=28388607,0¢SIN(ARGR2)
G0 TO 22
21 WRITE(59.,112)
112 FORMAT(53H FORMAT 512 , TYPE MONTH, DAY, HOUR, MINUTE, SECOND )
READ(58,110) MO!S0,JOURO,IHWRO,MN,ISEC
110 FORMAT(5]2)
FIMNO=MN® ]SEC/60.,0
TWOPI = 2,¢3,1415926536
INTERM = FIMNO $ JFC((FIMNO-INTERM) = 0.5)2,11,112
2 IMNO = INTERM $ G0 TO 13
11 IMNO = [NTERM +
13 IMN] =2 [MNO = 2 S [HR] = [HRO $ JOURI = JOURD S MOISI = MOQISO
FIMN! = FIMNO $ IFC(IMNI)3O0,1,1
30 IMR] = JMRI =~ 1 8§ IMN] = [MNIl « 60 $ [F(IHRI)JI1,1,1
31 JOURI &= JOURI - 1 $ IHR] = [MR] + 24
1 READ(6,1002)M0IS,JOUR, IHR, IMN,REPH (1) ,RPHD(1),DOR(L)
1002 FORMAT(412,3E18,11)
JF(MO1S~-M01S1)1,5,100
$ JF(JOUR-JOURI)LY,8,100
8 IF(IHR=IHR])1,9,100
9 IFC(IMN=IMNI)Y,10,100
100 DO 24 131,10
24 BACKSPACE 6
GO TO &
10 DO 7 J=2.,15
READ(&,1002)MOIS,JOUR, IHR, IMN,REPH(J) ,RPHD(J),DOP(J)
7 CONTINUE
J=18%81=1
15 LL = J + 2
AP = REPH(LL)
BP2(8,*(REPH(LL®1)-REPH(LL=1))-(REPH({L®2)-REPH(LL=2)))/12,
CP2(16.*(REPH(LL®1)+*REPH(LL"1)=R.*AP)~(REPH(LL+*2)+*REPH(LL=~2)=2,%AP
1))/724,
DP=((REPH(LL*2)=REPH(LL=2))=~2,«(REPH(LL®1)=~REPH(LL=1)))/12,
EPz2( (REPH(LL*2)*REPH(LL=2)=2.¢AP)~(1./3,) v (REPH(LL*1)+RAPH(LL=1)~
12.*AP)) /24,
AD = RPHD(LL)
BD=(8,*(RPHD(LL+1)-RPHD(LL=1))=(RPHD({L:+2)=-RPHD(LL=2)))/12,
CD=(16.*(RPHD(LL+1)+RPHD(LL~1)=2,*AD)~(RPHD(LL+2)+RPHD(LL=2)-2,%AD

Fig. A-2. Continued.
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1))/24,

DD=((RPHD(LL*2)=RPHD(LL-2))=2,+«(RPHD(L*1)-RPHD(LL-1)))/12,
ED=s( (RPHD(LL*2)¢RPHD(LL=2)~2,¢AD)=(1./3,) s (RPHD(LL+*1)*RPRHD(LL"1)~
12.+AD)) /24,
DT = FIMN] = IMNO S DELTY = (1, = DOP(J*2)/,784E10)/60,
17 PHITI = (((EP«DT & DP)eDT ¢ CP)eDT ¢ BP)¢DT + AP
ARG = PHITI*TWOP!
I1COSPO(I) = COS(ARG)*8388607. § ISINPO(]) = SIN(ARG)*8388607.
DPHTI = (((ED*DT ¢« DD)*DT ¢ CD)®DT « BD)*DT + AD
ARG®~DPHTI*TWOP]/(60.,9512,)
ICOSDO(]1) = COS(ARG)*8388607, § ISINDO(]) = SIN(ARG)*8388607.
I =1 # 4 8 IF((FIMNI-FIMNO),GE,10,)18,19
19 DT = DT ¢ DELT § FIMNI = FIMNIl ¢ DELT
IFC(FIMNI=-IMNO),LT.(0,8))17,12
12 g = J *+ 1§ IMND = [MNO « 1 S GO T 15
18 CONTINUE
po 6 131,20
BACKSPACE 6
6 CONTINUE
22 NPTS=512
1817S=12
CALL FORINIT2CITR,ITI,IWR,IWI,[TR2,NPTS,1,[BITS)
CALL CINIT
RETURN
END

Fig. A-2. Continued.
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SUBROUTINE ENDRUN
COMMON MOISO0,JOURD,IHWRO,FIMND
COMMON IJRUN,ITITLE(18),1BR,ICNT,IFCNT, 1BLOCK(2050)
COMMON ITIME1(400),ITIMER(100)
YYPE DOUBLE(2) SPECTRA
COMMON/DATA/ITR(512),]T1(512),SPECTRA(1024)
COMMON/DATA/ICOSP0O(640),ISINRPO(610),1C0SDO(630),1SINDO(610)
DIMENSION HAYSPEC(512),WBSPEC(512)
DIMENSION P(200),%x(200)
EQUIVALENCE (pP,IBLOCK), (X,]BLOCK(500))
CONVERT TO FLOATING POINT
DO 2 121,256
HAYSPEC(])sSPECTRA(]+256)
WESPEC(])=SPECTRA(1+768)
HAYSPEC(]«256)3SPECTRA(])
2 WESPEC(1+256)=SPECTRA(]+512)
WRITE(61,200) (JTITLE(I),Ix1,18)
200 FORMAT(1844)
WRITE(61,2000) JRUN
2000 FORMAT(9X,14H RUN NUMBER,IS)
WRITE(64,7007) JCNT,IFCNY,]ER
7007 FORMAT(6X,17H NO, OF BUFFERS =,]8,16W NO. OF FAULTS =,]8,23K NO. O
iF PARITY ERRORS s=,18)
DO 3 K=1,64
IFO2-256+8*(K=1)
Jis(K=1)wgsy
Jex Jile7
WRITE(61,203) (JFQ,(HAYSPEC(J).,J2J1,J2), (WESPEC(L),L=J1,s42))
203 FORMAT(1X,15,8F16,0,7,6%X,8F16,0)
3 CONTINUE
WRITE(61,104) (JTIMEL(I),ITIME2(]),]=30,40)
401 FORMAT(1X,2]8)
TEMPORARY TIME PRINTOUT
K=308
DO 4 1%31,200,2
P(1)=HAYSPEC(K)
P(1+1)=WESPEC(K)
KsKed
X(1)=280e]/2
4 X(Jel)sX(])e,5
CALL SKETCHW(X,P,200)
IRUNZJRUNe«Y
RETURN
END

Fig. A-2. Continued.
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[ HAYFBRD EPHEMERIS
aFORTRAN SyLS

' £ _tHAYFORD! INTERFEROMETER
2! C EXPERIMENT
DIMENSION MH(=1:1),M(=121)sAPAZ(=131)sAPEL(=121)sALPHA(=1:1),DELTA

i

#(m1 1), REPH(=131), IDENT(72), IDATES(72),8T(12) o
5% NAME LIST FREQ,GCLA1,GCLO1,GCDI1,GCLA21,GCLO21,GCD121,SMALLD,
6 #SMALAZ,08BJRRA,OBJRDE,OBUSP»OBJRAD,EPSILO,SMALLE,TsP2E)OMEGAL
7 A T = 283+15 1 P s 101325 3 F » 10s
8: ST(1)223989¢709)ST(2)231322+982;3ST(3)2379464527ST(4)245279704
9! ST(5)252376¢353;ST(6)259709:608;ST(7)266806e344;ST(8)a741394627
. 10¢  ST(9)=B81472e863)ST(10)= 216+9473ST(11)29502.6463ST(12)216599.356 .
11: PIs3¢1415926536)DETORASPI/180¢)FREQa7840¢)GCLAL®420623254DETORA
121 Cve2997925E6 ;} GCD1126368¢4844944;3GCLA213=04010494DETORA
L 13: = GCLOP1s=000672«DETARAIGCL 01871, S
14 EPSILO=2+0¢3E=3;C0BJRRA290¢34DETORAJIOBJRAD®6089
15 SMALLD s 10239365568 3 SMALAZ = 2014896389+DETORA
16t 0 SMALLEwm=138138889#DETERA;GCDI21sSMALLD#SINISMALLE)
357 OBJRDE®sw66¢ 7#DETORA}OBISP2211766404;0MEGAl#+29670359E=6
18 7 LIco = 30

_ READ(7,1030Q) IAN ,MOIS1,JQURL,IHRL1,IMN1,IAN ,MOISR2,JOUR2, IHR2, IMND
1030 FORMAT(10I3)
CALL DAJU67(MOIS1,J0UR1,JULDY)
. 22% = CALL DAJU67(MOIS2,J0UR2,JULD2)

nn
- O

23! WRITE(5,1032)
24% 1032 FORMAT(sSIF STANDARD PARAMETERS, CRe IF NEW VALUES» TYPE 1s CR AND
: » INPUT NAME LISTS)
26 1 READ(5,1020)1
27: 1020 FORMAT(I)
28 1F{1)2,3.2 o .
29: 2 INPUT(5)
30! 3 CONTINUE
L 31¢ WRITE(4,4010y
32! 1010 FORMAT(21HOEXPERIMENT 'HAYFORD!)
33 READ(3,1000) IDENT
34 _ READ(3,1000) IDATES
358 WRITE(6,1000) IDENT
36 WRITE(6,1000) IDATES A
L 37% 1000 FORMAT(72R1) .
38 WRITE(4,1011)IDENT, IDATES
39! 1011 FORMAT(4OHOINTERFERAMETER EPHEMERIS DERIVED FROM :/72R1/72R1)
400! WRITE(4,4012)FREG i I—
41 1012 FORMAT(32HOS]JTE 1 ¢ HAYSTACK, FREQUENCY =,F8¢2,8% MHZ, SITE 2 & W
424 *ESTFORDS)
L 43%  WRITE(4,1013)AZ21/DETORA+EL21/DETORA,GCLAR1/DETORASGCLO2L/DETORA,

Fig. A-3. Hayford ephemeris program.
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(SI1TE 2 = SITE 1) /¢ AZIMUTH AXIS DIFFe »

GEBC

HAYFORD EPHEMERIS

442 #G3CDI214
4614 #$,FB8e¢5,% DEGREES, ELEVATION AXIS DIFFe s$,F85,% DEGREESS/$
47 #ENTRIC LATITUDE DIFFe =3,FB845,% DEGREES, GFOCENTRIC LONGITUDE DIF
482 #Fs n$sFB8e5,% DEGRFES,$/8 HEIGHT DIFFe 2$,FB8s5.% KM$)
49¢ WRITE(4,1014)JULD1,IHR1, IMN1
50¢ 1014 FORMAT(30HOOBJUECT : VENUS, JULIAN DAY =,18,%, GMT =%$,2(1X,12))
518 WRITE(4,1015)0BJRRA/DETORALORJROE/DETORALOBISPLABIRAD
52: 1015 FORMAT(38HOCOORDINATES OF VENUS ROTATION AXIS ! »/% ReAs =$,F5¢1,
53: #$ DEGREESs DECLes =$,F5«1,8¢ DEGREES, SIDEREAL PERIOD s$,F8.0,% SECO
{H #NDS2 RADIUS w$,F8.2,% KM$) .
55¢ FACTOR s (77¢6/T)#(P + 4810e%E/T)
56¢ FREQeFREQ#1 +E63FCsFREQ/CISLALI=SIN(GCLAL)3CLAL=COS(GCLAL)

H =SMALLDwCOS(SMALLEIXCOS(SMALAZY S
58¢ DELTY s SMALLD#COS(SMALLE)*SIN(SMALAZ)
59¢ DELTZ s SMALLD#SIN(SMALLE)
603 IMN1s IMN1=1 ;3 IF(IMN1)9,19,19 e o
612 9 IMN1sIMN1+60 ;3 IHR1sIHR1=1 ;3 IF(IHR1)18,19,19
62 18 IHR1sIHR1#+24 ;3 JOUR1=JOUR1=1
L 633 19 IMNPsIMN2+1 1 IF(IMN2=60)1Q,22,22
642 22 IMN2sIMN2»60 3 [HR2sIHR2+1 ; IF(IHR2=24)10,73,23
65¢ 23 IHR2sIHR2=24 ; JOUR2sJOUR2+1

: 10 READ(321001)JDAY s JEXPaMH{@1) s M(=1) 2 ISTAELD2JELEXP2AZDS IAZEXP,TML,
67¢ »DOP,DTM,DDOP
68¢ IF(MH(=1)eEQe24)GO TO 14
69: GO TO i5.
70¢ 14 READ(3:1001)JDAY:JEXP:MH(-l):M(-l):IST;ELD:IELEXP:AZD:IAZEXP;THRTM
718 #» THRDOP,DTM,DDOP

723 15 CONTINUE

738
742

762
77:
e JRUL
79¢
80¢
81¢

L 783

82:
833

43
85:
861
874

1001 FORMAT(3Xs17,2Xs413,2(4Xs19,1Xs13)sF1146sF1203,2F1104)
CALL DAJU67(MOIS1,JOURL,JULD1)

_CALL DAJU67(MOIS2,JOURZ,JULD2Y) -

IF(JDAY=JULD1)10,24,11
24 IF(MH(=1)=IHR1)10,25,11
_ 25 JF(M(=1)=IMN1)10,11,11 = S —

11 APAZ(=1)sAZD#(10enn(IAZEXP= 9))'DETORA
CAZ = COS(APAZ(=1))3 SAZ s SIN(APAZ(=1))
_ APEL(=1) = ELD»1Qe#s(JELEXP=-9y =~
ROEL = APEL(=1)#DETORA
CREL = COS(ROEL) 3 SREL = SIN(ROEL)
__TAU = 180ewleEm6u(COS(APE| (=1)#DETARA)/SIN(APEL (=1)#DETORA)

1 42¢5/(APEL(w1) + Oeb)wu2¢64)#FACTOR/P] = 40¢/(APEL(=1) + 207 )%uk,

APEL(=1) s (APEL(=1) + TAU)#DETORA
CEL = COS(APEL(=1)) 3 SEL = SIN(APE((=1)})

Fig. A-3. Continued.
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HAYFORD EPHEMERIS
88: CALL JUDA67(JDAYsMOISsJOUR)

R9: SGMTsST(MOIS)+(JOURe1)#2345
90! SGMTY s SGMT + (MH(=»1)#3600s + M(=1)#60s)#(1s + 236¢5/(24¢%36004))
91: STL®SGMTU*GCLO1%(12/P1) #3600,
: LeSEL#SLAL+CEL#CAZ» *
93¢ SNRDEL-SREL'SLA1+CREL'CA2-CLA1:CSRDEL-SORT(1--SNRDEL-SNRDEL)
943 51N7H5-.(CEL-SAZ)/COSDEL:COSTHE-(SEL~CLA1 CEL®#CAZ#SLA1)/COSDEL
H L K]
96: THETA = ATANE(SNRTHE:CSRTHE)
97 ALPHA(=1) = STL*P1/(3600ex12s) = THETA
98¢ IF(ALPHA(=1)eGEe(2e#P]) )ALPHA(=1) = ALPHA(=1) = 2:#P]
99: DELTA(=1) = ATAN(SNRDEL/CSRDEL)
100 DELZ » CEL*(SMALLD#COS(SMALLE)*COS(APAZ(=1)=SMALAZ) + EPSILO) +
1018 #SIN(SMALLE)*SEL #SMALLD _
102: DELZ = DELZ*(1le + FACTOR®#1+E=§)
103° REPH(=1) = DELZ*#(FC + DOP/C)
r__Jﬂﬂl_______BEADLﬁLlQQllJDAXJJEXPLﬁHinJfLQlLlSILELDLiELEXBLAZDLlAIEXELIﬁQI_____.
105: «DOPO,DTM,DDOP
106 IF(MH(O)+EQe24)GO TO 20
107 GO 108 21
108 20 READ(3,1001)JDAY, JEXP/MH(O0) s M(0)s» IST,ELDs IELEXP,AZDs IAZEXPs THRTM,
109: *THRDOP,DTM, DDOP
110 21 CONTINUE S
111¢ APAZ(0) sAZD#(10en%(lAZEXP=9))*DETORA
1123 CAZOs COS(APAZ(Q)) ; SAZOs SIN(APAZ(0))
] 113¢ APEL(Q) = ELD#10e#n(]F| EXP=9)
1142 ROEL = APEL(O)*DETORA
115: CRELO s COS(ROEL) s SRELO = SIN(ROEL)

. 1168 000 TAU s 18Qe#]1eE-6#(COS(APEL( Q)#DETORA)/SIN(APFL( OQ)#DETORA) = =
117 1 42eS/(APEL( O) + Oel)wu2464)8FACTOR/PI = 40¢/(APEL( O) + 20¢7)%84
118: APEL( 0) » (APEL( O) + TAU)#DETORA

H [] AP 0 .
1203 CALL JUDA67(JDAY,MO01S,JOUROD)
121 SGMT s ST(MOIS) + (JOURQ=1)#236+5
1222 SGMTU s SGMT + (MH(Q) #3600s + M(0) #60e)%(]e + 23605/(244%#36004))
123: STL=SAMTU=GCLOL#(12+/P1)*#3600.
124 SINDEO=SELO#SLAL+CELO#CAZO*CLAL;;COSDEOSSQRT(1+=SINDEQO#SINDEOQ)
125¢ SNRDEQ=SREL.O#SLA1+CRELO#CAZO#CLAL;CSRDEOSSQRT(1+=SNRDEO#SNRDEO)
126 SINTHOs=(CELO®SAZ0O)/COSDEO
127: SNRTHO = =(CRELO®#SAZO)/CSRDEC
128: COSTHOe (SELO®CLAL=CELO®CAZ0#St A1)/CASDEC
129 CSRTHO = (SRELO*#CLAL{~CRELO®*CAZO#S_Al)/CSRDEO
130¢ THETA » ATAN2(SNRTHO,CSRTHO)

L 131¢ = ALPHA(Q) ® STL*P]/(360Qewi2e) « THETA : RN

Fig. A-3. Continued.
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HAYFQRD EPHEMFRIS

132 IF{ALPHA(O) «GE«(2+%P1))ALPHA(O) = ALPHA(O) = 2¢%P]

133: DELTA(Q) = ATAN(SNRDEO/CSRDEC)

1343 DFLZ =CFLO*(SMALLD*COS(SMALLE)*CAS(APAZ(O) =SMALAZ) + EPSILS) +
135 *SIN(SMALLE) *SELO#*SMALLD

1363 DELZ = DELZ*(1ls + FACTOR*1+E=~6)

13572 REPH(C) = DELZ*(FC + DOPC/C)

138: 12 READ(3,1001)UDAY,, JEXPsMH(1) V(1) 1STLELDS IELEXP,AZD, TAZEXPS TM2D0P,
139: *DTML2DD0P

1403 IF(MH(1)sEQe24)GY TO 16

141 59 10 17

142 16 READ(3,1001)JCAY»JEXPIMH(1) s (1) ISTLELDS IELEXPSAZDS IAZEXP2 THRTM,
1438 *THRDOAP, DTM,CC2P

1442 17 CONTINUE

1453 APAZ (1) 2AZD*(10e.%%(1AZEXP=5))*DETARA

146 CAZ = COS(APAZ(1)) ; SAZ = SIN(APAZ(1))

1472 APEL(1) = ELD*10e%%(lELEXP=~9)

1483 ROEL = APEL(1)*DETORA

149 TAU 3 180e#1+E-6#(COS(APEL( L1)*DETORA)/SIN(APEL( 1)*CETORA) =
150 1 42e5/(APELC 1) + Oo4)%%2.64)%FACTAR/PL = 40/(APEL( 1) + 207)%%4s
151 APEL( 1) = (APEL( 1) + TAU)*CETORA

152 CEL = CEBS(APEL(1) ) ; SEL = SIN(APEL(1) )

153: CREL = COS(RIEL) ; SRFL = SIN(RIEL)

154 DELZ = CEL*(SMALLD*COS(SMALLE)#COS(APAZ(1) ~SMALAZ) + EPSILE) +
155¢ *SIN(SMALLE)*SEL>»SMALLD

1563 DELZ = DELZ*(1les + FACTIR*1+E=6)

157 REPH(1) = DELZ*(FC + D2aP/C)

158 REPHD = (REPH(1) = REPH(=1))/2

1592 SINCEL=SEL*SLAL+CEL*CAZ*CLA1;COSDEL=SGRT(1+=SINNEL*#SINDFL)

1608 SNRDEL=SREL*SLA1+CREL*CAZ*CLA1;CSRDEL=SART(1+~SNRDEL#SNRDEL)
161 SINTHE==(CEL*SAZ)/CCSDEL;COSTHE=(SEL#CLA1=CFL¥CAZ*SLA1)/COSOEL
1628 SNRTHEz=(CREL#SAZ)/CSRDEL ; CSRTHF = { SREL*CLA1~CREL*CAZ*SLA1)/CSROEL
163: CALL JUDAG7(JDAYIMOIS,)JIUR)

164! SGMT=ST(MBIS)+ (L IUR~1) #2365

165% SGMTU = SGMT + (MH(1) %3600s + M(1) #60e)%(1s + 236+5/(24+%3600¢))
1661 STL=SGMTU=GCLO1*(12+/P1)*36CC ] :

167 ¢ THETA = ATAN2(S“RTHE,CSRTHE)

168: ALPHA(1) = STL*PI/(3600e%12s) =~ THETA

169 IF(ALPHA(L1) «GE«(2+%P1))ALPHA({1) = ALPHA(1l) = 2.%P]

17079 DELTA(1) = ATA~N(SNRDEL/CSROEL)

ey DXDP=DELTX* (SIN[EO*S_LA1%COSTHO+CLAL #COSDEC) ~DELTY*SINCEC*SINTHO+
172: % DELTZ*#(CLA1*COSTHO*SINDEC=SLA1*CBSDED)

g7 DYDP=DELTX*SLAL *SINTHO+DELTY*COSTHO+DELTZ*CLAL1*SINTHO

1742 GAMHASATAN(=DYDP/DXNP)

1255 ALPHAD = (ALPHA(1) = ALPHA(=~1))/120.

Fig. A-3. Continued.
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' HAYFORD EPHEMERIS

—

176:
177:
178:
179:
180:
1812
1g82:
1832
184:
185:
1861
187:
188¢

_189:

190°
191:

192:

1932
194¢

195

1961
197

1983

1991
200¢
201:
202!
203:

2048 -

205:
2061
__207:

208:
2092
210:
211:
212:
213:
2142
215:
216¢
217¢

»%#GLOBAL VARIABLES*##

DELTAD = (DELTA(1) = DELTA(=1))/120"
OMGXDP=AMEGAI*#(COS(CBJRRA=ALFHA(O0) ) #CAS(23JRDE) *SNRLEC=-SIN(0BJRDE)
**CSRDFEO)+ALPHAD*CSRDEQ
OMGYDP=0OMEGAI*# (SIN(2RJRRA=ALFRA(O))*CPS(OBJRDE) )+DELTAD
OMOPTH=SQRT(OMGYDP#2MGYDP+3MCXDP #2aMGXDP)
CTOLD = 2+#(FC + DOPO/C)*#E8BJURAD*CMORTH
GAMAXS=ATAN(=-0OMGYDP/OMGXDP)
BL = (FC+DOPQ/C)*SART(DXOP*DXOP+DYDP#CYDP)I#(1e + FACTAIRX1eE=4)
WRITE(6,1002)M31S, JBURO,MK(C)»M(0) s REPH(0) s REFHN,DOFC
1002 FORMAT(412,3E18411)
IF(1.1C%=-30)30,31,30
31 WRITE(4,1052)JDAY,MCIS»JOUROSIAN
1052 FORMAT(14HIJULIAN DATE =»18,%, GMT DATE =%313)

WRITE(4,1051) ! . i o :

1051 FORMAT(106HO GMT APPeFEL o APPeAZ REL « PHASE REPREAT  RA
1SELINE BL DIRe CelLeDOP C[COPeAXeDIRe TIME DELAY/$ HR MN DEG
2REES DEGREES WAVELENGTHS WL/MIN _NAVELENGTHS DEGREES HZ
3 DEGREES SECONDSS$//)

LIce = 0

30 CONTINUE : : : :
WRITE(4,1050)MH(0)sM(0)»APEL(O)/DETIRASAPAZ(O)/DETIRASRFPH(T) s
*REPHD»BL» GAMKW/DETORASCTOLD» GAMAXS/DETORAS TO

11050 FARMAT(213,1Xs2F10e3,3Xs2F1Ce22F10.053F10¢124X2F10.2)

LLED = LICO % i
APAZ(=1) = APAZ(O) 3 APAZ(Q) = APAZ(1)
APEL(=1) = APEL(Q) 3 APEL(O) = APEL(1)
ALPHA(=1) = ALPHA(Q) 3 ALPHA(0) = ALPHA(1)
DELTA(=1) = DELTA(O) 3 DELTA(O) = DELTA(1)
REPH(=1) = REPH(Q) ; REPH(Q) = REPH(1)
MH(=1) = MH(O) 3 MH(0) = MH(1)
M(=1) = M(0) ; M(0) = M(1)
CA202CAZ3SAZ0=SAZ;CELO=CELSELO=SELCRELQO=CREL ; SRELC=SRE|
SINDEO=SINDEL;COSDEO=COSDEL3SINTHO=3INTHE; CASTHO=COSTHE
SNRDEQ=SNRDEL ; CSRDEO=CSRDEL ; SNRTHO=3NRTHEJ CSRTHO=CSRTHE
DOPO = DOP 3 TM1 = TMO ; TMQ = TM ;3 JOJRC = JPUR
IF(JULD2~-JDAY)13,26,12

26 IF(IHR2-MH(1))13,27,12

27 IF(IMN2=M(1))13,13,12

13 PAUSE 13
IF(SENSE SWITCH 117,8

8 STOP
END

Fig. A-3. Continuved.
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1
2
3

10
11
12

111
13
14
15
16

17

18
19

120
121

125
126
127
130

131
132

133
134

PROGRAM WAYFORD2Z

CHARACTER CH

COMMON RA(50),DECS(50) NDAY(50),DIST(80),IDATA(79040) sHA(64,31),
1CROTFR(64),W(2,64),CROT(84),8ROT(64),0(2,64,31),H(2,64):3R0TFR(64)
2,WFOUR3I(84)

DIMENSION SCRATA(64,31),SCRATB(2,64,31),WA(64,31 ),CH(84)
EQUIVALENCE(IDATA,SCRATA,SCRATE,CH), (WA, HA)
PI123.141%39286838

po 2 1=4,50

READ 4, HRS,AMIN,SECS,DEGS,DMINS,DSEC,DIST(1),NDAY(])
FORMAT (7F10.7,13)

RA(])=zMRS*P]/12,0 +AMIN*P]/720,.0+SECS*P]1/43200.0
DECS(])=DEGS*PI1/180,0«SIGN((DMINS*P]/310800,0+DSEC*P}/648000.0
1),DEGS)

CONTINUE

REWIND 30

INR=0

IDA=0

MOIS=0

JCOUNT=xD
WESN=WESSsAWESSEAWESNSHAYNZHAYSZANAYSSAMAYNSO .0

DO 4 [=1:64

DO 4 K=1,31

HA(]:K)=WA(] K)=C(L1,1,K)3C(2,1,K)20,0

BUFFER IN(30,1)(IDATA(L1),IDATA(21))

G0 TO (10,11),UNITSTF(30)

PRINT 12,(CH([),I=1,84)

FORMAT(84R1)

DO 19 I=1,72

1F(IDA.EQ., 0)111,19

IF(CH(I) LE. 913,19

1F(CH (I1).GE. 0)14,19

1F(CH (1+31).LE. 915,47

[F(CH (1+4),GE, 0)16,17

IDAY=CH (J)el0e¢CH ([+1)

GO TO 18

JDAY=CH (B9

GO TO 18

IDA=1]

CONTINUE

NO 130 I=1DA.72

1F(CH (1).EQ.4RA)120.,125

IF(CH (1+1),EG.1RU121,125
MO1S=8
G0 TO 130

[F(CH (1).EQ.L1RS) 126,130
1F(CH (1+1) ,EQ.1RE)127.,130
MO1S§=9

CONTINUE

IF(MOIS.EQ. 0)131,134
WRITE(59,132)

FORMAT(7HNO DATE)

READ(58,133)MOIS, DAY

FORMAT(212)
TIMES(((((CH(BO)+0)*64,+CH(B1))v64,eCH(B2))264, +CH(BI))V64,+CH(84
1))/36000000,0

NDAYT=MOIS+100¢]IDAY

18=0

Do 304 131,50

IF(NDAYT=NDAY(I)) 304,305,304

Fig. A-4. Coded-pulse phase calibration and fringe rotation program.
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308 18s]

‘304 CONTINUE
‘PRINT 306,NDAYT,NDAY(IB),RA(1B),DECS(]B),TIME

‘3086 FORMAT(2120,3F20.,%)

{Ce1Be¢1Sips]Bad

CRAZRACIB)*(RACIC)=RA(ID))®TIME/4B,0
CDEC=DECS(IB)+(DECS(IC)-DECS(ID))*TIME/48,0
ANGECRA=179,7+P[/180.0

NDAYNz (MO]1S-8)231 + DAY 212
STIMEz((TIME/24,0)+(NDAYN-212))%2,0¢P1¢1,002737909
1 +(15.0/724.0%45,0/1440.0 *45,868/(24,003600,0))%2,0¢P!}
BN=32450.08BAz44,0°P1/180,0+19,0*P1/(180.0260.0)
BHA=31.0*P1/180,0 + 22.0%P1/(180.0960,0)
BLNSBN®(COSC{CDECY«SIN(BAY+COS(BA)I*COS(BHNA~STIME*CRA)*SIN(CDEC))
BLW=BN* (COS(BA)*SIN(BHA-STIME4CRA))

BLASATAN(BLW/BLN)
BLL=SQRT(BLN*BLNeBLW*BLW?
FLN94.7¢(C0S(23.3*P1/180.0)*COS(CDEC)=~SINC(CDEC)*SIN(23,30P]/180,0
1)*SIN(ANB) )+1,068«(RA(IC)I=RA(ID))*180,0030,0/P1=0,72*C0S(CRA=ST
2IMBY/DIST(IB?
FLW=94.7¢SIN(23,3«P]/180.0)*COSC(ANG)=1,.068+(DECS(IC)-DECS(ID))
1180.0%30,0/P

DOPASATAN(FLW/FLN)

FL=SQRT(FLNSFLNeFLWeFLW)
ROT=2,0eP[*SIN(DOPA-BLA)®BLL*6.055/(FL*DIST(IB)*149600,0)
THETA=360,0¢COS(DOPA-BLA)*BLL*6,055/(D1IST(1B)v149600.0)

DO 144 121,64

SROTFR(II=SIN((1=33)#ROT)

144 CROTFR(1)=COS((1=33)¢ROT)

PRINT 307,NDAYN,CRA,CDEC,ANG,STIME,BLA,BLL,DOPA,FL,ROT,THETA

307 FORMAT(1X,13,10F12.4)

1‘0 STIHEHSTXME'!.S.02.'PI/(60.'60.‘24.)
PHLR'BN'COS(BA)dCOS(CDEC)OlIN(BHA-STlniocRA)OZ.ovPl/861Q4-0
PHL=BN*COS(BA)*COS(CDEC)*COS(BHA~STIME*CRA)

PRINT 141,PHLR/PHL
141 FORMAT(10X,2F20,6)
142 DO 143 [=4,64
- SROTC(I)SSIN(PHLR®2.0¢P12((1=4)/64.0¢ICOUNT=-1.0)PKL®2,0*P])
143 CROT([)2COS(PRLRe2,.0eP1o{(1~1)/64,0¢I1COUNT~1,0)+PHL22,09P])
IP=1PP=0

20 BUFFER IN(30.,12(IDATA(L1),IDATA(3I970))

30 GO TO(30,40,50,60),UNITSTF(30)

60 PRINT 61,1P

61 FORMAT(1X,12WPARITY ERROR,110)
1P=[Pet

40 BUFFER IN(30.,1)(IDATA(3IO71),1DATA(7940))

41 GO0 TO(41,70,50,80),UNITSTF(30)

80 PRINT B1,]PP

81 FORMAT(1X,12HPARITY ERROR,110)
{1P3[Pel

70 PRINT B2, IDATA(1),IDATA(3I971)

82 FORMAT(1X,6HRECORD,2120)
1F(]1P-1)84,83,83

83 DO 85 31,7949

8% [DATA(I)=D

84 DO 78 IR=1,31
DO 71 131,64
Ks4®[R+(1-1)*124+SIGN(1,-t¢2%(]=32))

1

Fig. A-4. Continuved.
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H(1,1)=]1DATA(KISH(2,1)=]1DATA(K+1)

W(1,1)=IDATA(K+2)%CROT(I)*IDATA(K+3)*SROT(])
71 W(2,1)=-1DATA(K«2)*SROT(I)+IDATA(K+I)*CROT(])

CALL FOURIER3(H,WFOUR3,64,-1,0)

CALL FOURIER3I(W,WFOUR3,64,-1,0)

Do 72 1=1,64

L=1+ISIGN(32,1+2¢(32~]))

IF(IR=3)73,74,77

73 WESN=WESNe(W(1,L)eW(1,L)+W(2,L)*W(2,L))/(64,0% 2.0)
HAYNSHAYNS (HO1, L) wH(1,L)*R(2,L)*H(2,L))/(64,0% 2.0)
GO 70 77

74 1F(1-30)77,77,75

75 1F(1-36)76,77,77

76 WESSSWESS+(W(L,o)eW(l,L)eW(2,L)*W(2,L))/(5.0 )
MAYS=HAYS« (M1, )eN(1,L)*H(2,L)*H(2,L))/(5,0 )

77 HACISIRISHACT,JR)«H(1,L)®H(1, L) eR(2,L)oR(2,L)
A=W(1,L)*CROTFR(I)-W(2,L)*SROTFR(I])
B=W(1,L)*SROTFR(I)+W(2,L)*CROTFR(I])
C(1,1,IR)=C(1,],IR)*AwK(1,L)+B+H(2,1)

72 C(2,1,IR)=C(2,1,IR)*BeH(L,L)~A*H(2,|)

78 CONTINUE
ICOUNT=I1COUNT+1
1F(ICOUNT=-15)142,200,200

200 JCOUNT=D
60 TG (90B8,909),SSWTCHF (5)
908 M=4 § GO TO 910
909 M=3
910 CONTINUE
AA=BB=0.0
AWESSzAWESS#WESS
AWESN=AWESN®WESN
AHAYSSAHAYS+HAYS
AHAYNZAHAYN+HAYN
WESN=WESS=HAYSSHAYNZ2D,0
po 201 1=231,35
AA=AA«C(1,]1, M)
201 BB=BB+C(2,]1, M)
PHASE=(180.0/PI)* (ATAN(BB/AA)X+(0.5-SIGN(D,5,AA))*SIGN(P].BB))
PRINT 202,PHASE
202 FORMAT(20X,9H PHASE = ,F7,2)
PRINT 203, AHAYN, AWESN,AHAYS, AWESS,C(3,33,M),C(2,33,M)
1,HA(33,3),HA(33,2)
203 FORMAT(10X,8F15,2)
AL=SORT(AA*AA«BB*§B)
DO 220 IR=1,31
DO 220 131,64
AC=C(1,],JR)®AA/ZAL+C(2,]1,IR)%BB/AL
AD=C(2,],IR)*AA/AL-C(1,],]IR)*BB/AL
€(1,1,IR)=AC
220 €(2,1,1IR)=AD
DO 221 1329,37
AA=C(1,],M)
BB=C(2,1:M)
PHASE=(180.0/P1 )% (ATAN(BB/AAY*(0.5=SIAGN(D,5,AA))*SIAGN(P].BB))
CC=SORT(C(1,I,M)eC(L, ], MI+C(2,1,M)*C(2,],M))/SORT(ABS((ARAYS«~AHAYN
1)* (AWESS=AWESN)))
CC=CCe([NR+1)
PRINT 230,PHASE,cC

Fig. A-4. Continued.
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230 FORMAT(10X,2HPH,F30.2,4HCORR,F30.2)
221 CONTINUE
CALL YYDISK(0,2,INRe15872+39688,WA,3968)
CALL YYWAIT(O)
CALL YYDISK(0,2,INR®*15872+7936,C,7936)
CALL YYWAIT(D0)
INR=INRe]
DO 222 [Rs1,31
DO 222 lE=1.64
222 HA(ILIR)IZWA(I,IR)=C(1,1,IR)=ZC(2,1,1R)=20.,0
GO TO 140
50 JABSINR-1
DO 380 IR=1,31
DO 380 1=31,64
380 WA(I,IR)=WAL]I,IR)=C(L,1,]R)SC(2,1,IR)=0,0
DO 400 INR=0,1AB
CALL YYDISK(0,31, INR#15872+3968,SCRATA,3968)
CALL YYWAIT(O)
no 391 IRel,33
DO 391 121,64
391 WA(CI,IR)=WACI,IR)+«SCRATA(I,IR)
CALL YYDISK(0,1,INR#15872+7936,SCRATB,7936)
CALL YYWAIT(O)
DO 392 [R=31,31
DO 392 1=1,64
DO 392 Js31.2
392 C(J,1,IR)=C(J,1,IRI*SCRATB(J,I,IR)
400 CONTINUE
DO 601 K=1,3
Mz (K=-1)#%#10+1
N=M+10
PRINT 602, M)N
602 FORMAT(1X,21HPOWER AND CORRELATJON,2130)
PRINT 603
603 FORMAT(1X,5HPOWER)
DO 700 331,64
700 PRINT 600,( WA(I,IR),IR=M,N)
PRINT 604
604 FORMAT(1X, 4HREAL)
DO 703 I=31.,64
703 PRINT 800,( C(1,1,IR),IR=M,N)
PRINT 60%
6085 FORMAT(41X,4HIMAG)
DO 702 1=1,64
702 PRINT 800,( C€(2,1,1IR),IR=M,N)
601 CONTINUE
400 FORMATI(1X, 11F12.0)
G0 TO(900,901) SSWTCHF (1)
901 CALL SEFF(20) '
BACKSPACE 20
900 CONTINUE
WRITE (20) NDAYN,CRA,CDEC,ANG,TIME,BLA,BLL,DOPAFL,ROT,THETA
WRITE (20) WA,C,AHAYS,AHAYN,AWESS, AWESN

END FILE 20
BACKSPACE 20
PAUSE

6o TO 3

END

Fig. A-4. Continued.
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PROGRAM HWFPLNOTZ2

CHARACTER—MAP;MA—— -

COMMON JCR(4,64,28),P(64,31) ,CR€2,64,31), INFO(200)
DIMENSION MAP(121,121),MA(101,101), PP({ 64,21)
EOUIVALENDFE (MASCR)) LR, MAR), (ICR. PP}

NIMENSION I[AA(1)STADS?7777R+1655B=LOC¢TAAC1))31AACTIAC) 2146000108
F1=3.1415926536
no 10 131,564 =
no 10 IR=1,28
ng 10 x=1.,4
ICRIK, 1, TRI=0
10 CONTINUE
11 NDAYA3ACRA=ZACNECSADOPAZAF{ =ATHETASD,0
AAMAYNSD 0
REWIND 30
‘ns0,0
70 READ(30) NDAYNSCRASCDEC,ANQTIMELELASELLCOPAFLIROT,TRETA
G0 TO (61,21),EQFCKF(3D)
21 RFAD (30) P,CRsAHAYS)AMAYN, AWESS, AWESN
ENCODECAND 60, INFO) NDAYNSTIMEFL,» THETA
£0 FORMAT(4HDAY ., 17.,1X S5HTIME ,F5.2:1X 2MHFL,F58.2,1X,6KTHETA ,F7,2)
cALL LIMITS(3,0,100,0,0,08,120,0)
fATL POINTS(33+0,aHAYS/(10.0%938,08),1Rk,1)
CALL POINTS(33,0,AWESS/(10.,0%%8,0),1Rk,1)
CALL POINTS(1,0,4HAYN/(10,0%%8,.0),1RK,1)
AL ROINTS{L . 0 AWESNZ{10+0%#8.0),1RW,1)
np 500 131,64
IR 51 H
PRASEZ (6D, 0/P T ) *(ATAN(CR(2,]1,4)/CR(1,1+4))+(0.5=SIGNCD.F,CR(1,T144)
1))#SIQN(PT,CR(2,1,4)))+60.,0
FORR=CR(1,1,4)%CR(1,1,4)4CR(2,1,4)eCR(2,1,4)
BALL - POENTS A, PHASES LR, 1)
CALL POINTS(A,SQGRT(CORR)/Z(10,0#¢8.0),1RC,1)
S00 CALL POINTS(A,P(1,4)/7(10.0%28,),1RP,1)}
FALL LABRLS(A4FREQ, 1, IHPON, 1)
CALL GRIDS¢(0.0,10,0,0,0,20.0)
CALLL GRAPHS(INF0,15,200,1)
BAUSE
a0 TO (20;504) SSWTCHF(2)
504 50 TD(41,503),SSHTCKF(8)
41 N0 42 =i 64
ng 42 IR=31,31
42 PP(I,1R)I=3PP(I,IR)+P(1,IR)~AFAYN
AAHAYNIAAMAYN+AMAYN
a5 10 43
503 no 40 JR=4.31
no 40 1wi;64
1K=[R-3
v=(1-33r*1.008/FL
R{SARTLL . 0= (84,94=1R)/81,0)e%g)
‘R2=SORT(1.0-((83,94~1R)/81.0)w»w2)
[F(R2€R2=Y*Y) 40,40,30

Fig. A-5. Coded-pulse averaging program.
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30 72=SQRT(R2eRZ-YaY)
IF(R1#R1~y*Y) 31,31,32
31 71=0.0
50 T0 33 .
32 71=SQRT(Ri*»R1-YrY)
33 23(2.0%21+22)/3,0
rR=R1
SCAS(D. 13 **3F/((R+.11*SQRT(1,0-R*R))we3)
OHT=~THETA*Z*P1/180,0
1CR¢1,1,1K)=ICR(L, lolK)#CR(l.I.IR"lOOO 02cOS{PHI)/{SCA¥SQRT
1(ARSC(AHAYS~AKHAYN)*(AWESS=AWESN))))
TCR(2: 1o IR ISICRI2, 1o IKI*CREE 1R *1 000, 0+SINCPHT)/(SCA®SQRT
1LARS(CAHAYS=ARAYN)I *(ANESS=ANESN) D))
ICR(3, I IKINICR(3, 15 1K) +COS(PLI)"COS(PH])»1000.0
TCR4, 1+ 3RIBICR(S, 1H TK)*SIN(PRI)I*SIN(PHT)I*1000.,0
40 CONTINUE
43 r=n+1,0
NDAYASNDAYASNDAYN
ACRAZACRA+CRA
ACNEC=ACDEC+CDEC
ADNPAIADOOATTOPA
AFI 2AFL*F
ATHETASATHETASTHETA
61 PAUSE
60 TO (800.20) SSWTCHF(3)
900 70 TO (901,62),SSHTCHF (8)
o041 NO 982 L=21+101
no 902 N=1,101
60z MA(L:N)=0
20 903 fa1s64
ng 903 IR=1,31
833 PR(I,IRI=PP{I,IR)/Z(C*1000,0)
AAHAYN® AARAYNZ{C*1000,0)
no 904 131164
604 PRINT 910,(PP(I,IR),1IR=1,16)
— o PRINT 911, AAMAYN
¢ili roRMAT (13%X,F20,8)
ng 905 (=1.,64
¥05 BRINT 910, (PPl IR+ IR"16,31)
910 FORMAT(1X,16F8.)
FL=AFIL/C
nO-978 L1181
50 970 N31,10%
13 (L=81)*F| /60.0+33,5
neSORT(CL 31y (=51 Ye(N=-51)»{(N=51))/3600,0)
674 1R=(1,0-SQRT(1,0~R*R))*81,0+3,.94
1F (ABSC =330~ Aas¢64ro-a~1.uas/FL>> 973, 973 970
973 IF(1-64) D66:566,370
96 1P (1=1) 970,967,967
o567 TF IR =33 988,968,970
g&p IF(IR-4) 970,969,969

Fig. A-5. Continued.
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669 SCAz(0.11%**3)/((R+.11*SQRT(1,0-R*R))w»se3)
MA(LsNIIPR (] 1R)/(SCA®PP(33,4))
670 FONTINUE
eg TO 971
€2 ™0 63 L=¥1,101
no 63 N¥1,10%
63 MA(LsN?=0
n0 603 K314
PRINT 6131,
601 TORMAT(10X,120)
nn 602 131,64
PRINT 600, (ICR(K,1:+IR)sIR31,14)
600 FORMAT(1X,1418)
402 CONTINUE
ng 603 131,64
PRINT 600,(ICR(K.1;IR)-IR=15.28)

603 CONTINUE

SNR=AHAYS«2,0/AKAYN
no 64 131,64
DO -64 IRE3I8— —
41=1CR{1:]+IR)
AZIICR{QAIJIR)
AZ=ICR{3, 1+ 1IR)
A431CR(4,1,1R)
TCR (1+],]R)5(A19eA4+A2¢AS)«1000,0/(SNReA3*AS)

44 1CR (251 IRIS{ALPA4=-A2#A3)#1000.0/(SNReA3244)
nO 665 K=1,2
PRINT 801, K«
B 65 t3li64 ;
PRINT 600, (ICR (K,1.,1R).IR=1,14)

65 CONTINUE
no- 665 [81,64
SRINT 600, (ICR (K,I.!R):1R=15,28)

665 CONTINUE
tLsAFL70
ng 70 L=1,101
no 70 N=1,101
13CE=SL )t /60,0433:5
RISORTIL( ~51)9({L =51+ (N=51)*(N=-51))23600,0)
1F(1.0-R)70,70474

74 TR=(1,0-SQRT{1.,0-R®R))»81,0¢0.94
IF(ABS(1-33,0)~ABS(64,0~R*1,008/FL)) 73,73,70

73 1F(1-64) 66+66,70

66 1FCE=1)> 70:67,67

67 1F(1R-28) 58:68,70

48 !F(IR'l) 70269269

€9 1F{N=S51) 71:71472

72 MACL/N)SICR (1+141R) #1000
fO0 TO 70

Fig. A-5. Continued.
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71 MA(CLsNI®ICR (2,1,1R)/1000
76 CONTINUE
©71 NDAYSNDAYA/C
REC=ACDEC+180,0/(P1vC)
ANGSACRA*180.0/(P1*C)
THFETAZATHETA/C
FL=AFL/C
noPA=ADOPA®180,0/(PeC) t
ENCODE(800,141, INFOINDAY, TRETA,FL+C,SNR
141 FORMAT(SHDAY ,17,5X SMTHETAsBX,F722,5X+2HFL+F7,.2,5X,1HC¢EX,F7.2:5X%
1;3HSNR05X:F7'2)
CALL LIMITS(1,0,101,0,51.0,111.0)
ro 140 NaS1,101
ro 140 £®1,101
AlaN
AZel
M@=MACL,N)
140 CALL POINTS(A2,41,MQ,1)
CALL GRAPHS C(INFD,15,200,1)
CALL LIMITS (1.0,10448,-9,0,51.0)
£O 150 N=21,51
ro 150 L=1.,101
Al=N
AZ=L
MQA=MACLN)
150 cALL POINTS(AZ,A1,MO0,1)
=AY S GRAPHS inO{O:i)
155 no 156 K=i,121
rg 156 M=1,121
156 MAP(K,M)=0
ANGSANG=179,7
CDFEC=COS(DEC*P1/180,0)
SDECSSIN(DEC*PI/180,0)
CANGSCO0S(aNGS*PI/180.0)
SANGESINCANG*R1/180,0)
CTHICOS(23.3+p1/180,0)
STH=SIN(23,3*p1/180.0)
ALATR=(180.0/P1)*ASINF(=CTH*SLEC-STH*SANG*CDFC)
ALONR=(180,0/P])«ATANC{(SANGPCLEC*CTH=SDEC*STH)/CANG*CDEC)
ALCNRSALCNR*14.,0¢(NDAY=241)%360,0/245,0
PLASATANC(CANG2STH/(CTRYCBEC=STHeSCEC*SANG))
APA=PLA¥180,0/P1 5
cDARECOS(DOPA«P]/180.0)
SDOPSSIN(DOPA*P1/180,0)
NRUNSNDAYw10Q000eTIME®L0D
PRINT 140, NRUNsNDAY,DEC,ANGB,)THETAsFLDOPA,ALATR,ALONR, ARA
160 FORMAT(2110.8F10,2)
PE=PI/1B0,0+(16,0+(NDAY=241)9260.0/,245,0)
rg 180 (=1,101
ro 180 N31.,101
¥3{L =51 *CBOP#60,0-{N=51)e8L0P/€0,0 —
Z3(L~51}*SDOFP/60,.0+{N=51)*CLOF/€0,0
1F(1-YoY=Z+7)180,161,461

Fig. A-5. Continued.
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161 X=SQRT{1-y*Y=292)
YA=X*CANG*CDEC=Y*SANG#Z*SDEC*CANG
YA*X*(CTH'SANG'CDEC =STH®SCEC)*Y*CANGYLTH+2+(CTH*SCEC*SANGeSTH*CDEC
)
2A=X*( CYn*SDEC-GTHtSANG*CDEC) =Y*CANB®STH*2ZY(CTHYCDEC*STHeSDECSAN
1£)-
XBeXASCOSCPEIeYA+SIN(PE)
YBzXA%SIN(PE)+YA*COS(PE)
k2yB*80,04561.5
»32Ar60, 0 +61.5
tF(XB) 170+175:175
170 MARP(K,M)Z1RS"
60 TO 180
125 NAP(K:M)’MAP(KIM)O MACL,N)
180 CONTINUE
20 190 4®1-18 -
AAE(J=10)+P1/18,0
ro 190 131,36%
BB (1-181)¢P1/360,0
K=COSCAAI*SIN(BB)*60.0+61.5
MISINCAA)I*50,0%61,5
TR (MAREK MY 49054814890
181 “AP(K,M)E1R*
150 CONTINUE
ro 200 J=1:519
AAz(JU=10)2P1/18,0
ro 200 1=1,361
gR=(=181)9P1/%60,0
K=COS(BRI=SIN(AA)*60,0+61.5
M2EIN(BB)wbD.0 *61.5
TF(MAP(K,M}) 200,191,200
161 MAF(K,M)=z1Re
200 CONTINUE
CALLHIMITS1, 0 61¢0,61,0,121.0)
PO 210 Kr1.6%
rg 210 Mcel,121 =
PAPKlHAP(K;H)

AK=K
AM=M
TR AMAPK) 20952185209 -
209 CALL POINTSTAK,AM,MAPK,1)
210 CONTINUE
CALL GRAPHS {005 0+1)
CALL LIMITS(61.,0,121,0,61,0,121,0)
DO 220 K=61,121
o226 M8615121
AK=K
AMEM
MAPKEMAPLK M) =
IF(MAPK)219,220,219

Fig. A=5. Continued.
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216 CALL POINTS(AKIAM,MAPK,1)
220 CONTINUE
CAL L GRAPHS (0,0,0,1)
CALL LIMITS (1,0 .61.,0,1,0,61.0)
ro 230 K=i,61
ro 230 M=1 61
AK=K
AMTM
MAPKEMAP (K, M)
IF(MAPK)229,230,229
226 CALL POINTSCAK,AM,MAPK,1)
230 CONTINUE
CAIL GRAPKS (0,0,0.1)
CALL LIMITS(£1.0,121,0,1.0,61.,0)
r0 240 K=61,121
ro 240 M=1,61
AK=K
AMZM
MAPK=MAP (K M)
IF(MAPK)239,240,239
236 CALL POINTS({AK,AM; MAPK,1)
240 CONTINUE
tALL GRAPHS (0:0,0,1)
FAUSE
£0 TO(242,241) SSWTCHF (1)
241 CAtL SEFF(20)
EACKSPACE 20
CALL SEFF (10)
EACKSPACE 10
242 CONTINUE
rOPAASCOPA~APA
c0 TO(800,R01),SSWTCHF(6)
801 WRITE(20) NDAY,TWETASFL,DCPAA, ALATR,ALONR, NOPA,APA,CIDES, ANG
¢0 TO 802
B00 WRTITE(20} FPs»AARAYN
rO 806 [=1,84
ro 806 IR=1,28
rQ 806 K®1,4
20¢& I1CR(K,I1+IRIED
50 TO 803
802 WRITE(20)((CICR(T,JsK),121,2),021,64),Ks1,28)
WRTITE (10) MAP,ADAY
no 807 1=1,64
ro 807 IR=1,31
807 PP(l,1R}20.0
802 eND FILE 20 -
BEACKSPACE 20
END FILE 10
PACKSPACE 10
G0 TO (11 ,250) SSWTCHWF(4)
250 FND

Fig. A=5. Continued.
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oo Ne]

PROGRAM VENPLOQT
LU 24 IS THE [NPUT TAPE. LU 27 IS THE QUTPUT TaAPE.
SSW4 DOWN TO OMIT PHOTOS.
SSW5 DOWN TO CANCEL A SPOTTING COMMAND.
ARRAYS [N COMMON
COMMON IDISPLAY(100),PWRARAY(64,31),]ATFCN(2,64,28),INP(101,101)
COMMON SCATLAW(31)
VARITABLES IN COMMQN
COMMON EL PRIME,BPRIME,FCL,DOPA,NOISE3X,A,RBSHIFT,ISUB, ISCALE» NP
1 MIN, INPMAX, IPCINT,ISTEER,RADIAN, IDAYNUM,DAYRUNS, IFLAG,P],SMDYRN,
2 INPMAXI: INPMINIIXMACIAAHAYNIDECIANGIDOPPLER A:PLANETA:FBSHIFT
DIMENSION INP1(101,101)
FQUIVALENCE (INP1,PWRARAY), (DOPA,GAMMA)
REWIND 27
1IFI.LAG=37654321E
P[=23.141592654 § RADIAN = P1/180.0 § C=2.997929E+08
XMAC=37777776 $ DTs5,0E-04 § [INPMIN=377777778 § INPMAX=-1
WRITE(59,99)
99 FORMAT(17H LOAD DATA CARDS. /10H PRESS GO, )
G) TO0(51,2138),SSWTCHF (4)
213 PAUSE 4444
93 ISTEER=2 $ GO T10 52
52 CONTINUE
N0 53 KRANGE=1,31
N0 53 NFREG=1,64
53 PWRARAY (NFREU,KRANGE)=0.,0
FEAD(60,98)ISUE, ISCALE,IPOINT,NOISEBX,RBSHIFT,FCLX,A,ID,FBSHIFT
98 FORMAT(4]5,3+10,0,15,F10.0)
[F(ISuUBY215,214,215
214 1SuB=3
215 IF(1SCALE)217,216,217
216 1SCALE=100
217 IF(IPOINT)219,218,219
218 IPOINT=2
219 IF(NOIScBXx)221,220,221
220 NOISEBX=2
RBSHIFT=0,975
221 1F(A)223,222,223
222 A=6.055
223 AzA*1.0E+06
WRITE(61,90)1SUB, ISCALE, IPOINT,NOISEBX,RBSHIFT,FCLX,A, ID,FBSHIFT
90 FORMAT(415,3F10,4,15,F10.4)
19 READ(24)IDAYNUM, THETA,FCL,DOPA,B PRIME,EL PRIME,DOPPLER A,

1 PLANET 4,DAYRUNS, DEC, ANG
GO TO(198,199)EQFCKF(24)
199 READ(24) ((( IWTFCN(I,J,K),1=21,2),J021,64),K=1,28)

RFEAD(24)PWRARAY, AAHAYN
[F(SSWTCHF(3) LT. 221,22
22 IFCID .£0, 0 ,OR, ID .EQ, IDAYNUM)20,19

Fig. A-6. Coded-pulse display and coordinate transformation program.
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20 1F(FCLX)225,224,225
225 FCLsFCLX
224 WRITE(61,97)IDAYNUM, THETA,FCL,DOPA,EL PRIME,B PRIME,DAY RUNS,
1 AAHAYNIDOPPLERA:PLANET AIDECIANG
97 FORMAT(12HODAY NO, IS 16, 2X 18H FRINGE RADIUS IS E11.3,2X
1 35H CENTER-TQ-LIMB DOPPLER IN HERZ IS F9,4/ 18H DOPPLER ANGLE IS F9.4,
2 F9.4, 2X 29H SUB RADAR LONG. AND LAT. [S FB8.4, 2X 4H AND 2X
3FB.4/16H NO. OF RUNS IS F6.0/722H DAYS AVERAGE NOISE IS5 E11.3/
451H ANGLE BETWEEN DOPPLER AXIS AND CELESTIAL NORTH IS F9.4/
554H ANGLE BETWEEN WESPERIAN NORTH AND CELESTIAL NORTH IS F9.47
6 414 MEAN DECLINATION AND RIGHT ASCENSION IS F9.,4,2X 4M AND F9.4)
KDEX=NOISEBX*1
DO 200 KRANGE=KDEx,31
DO 200 NFREQ=1.,64
PWRARAY(NFREQ,KRANGE)=AMAX1(0,0,PWRARAY (NFREQ,KRANGE))
200 CONTINUE
C APPLY SCATTERING LAW, ETC, , AND XFORMATION TQ GRID OF MAPPING PLANE,
CALL MAPXFORM
GO T0(23,24),SSWTCHF (4)
¢ MAKE TEST PHOTOGRAPHKS,
24 CALL TESTFOTO(1)
23 CONTINUE
€ AT A LATER DATE ENTER EDITING ROUTINES.
G0 T0(208,212),SSWTCHF (4)
212 WRITE(59,101)
101 FORMAT(35KH TYPE 1, IF DATA [S UNSAT]SFACTOQRY.)
READ(58,102)QUESTION
102 FORMAT(F10.0)
IF(QUESTION)208,208,209
209 DO 109 KK=s1,3
BACKSPACE 27
109 BACKSPACE 24
GO TO 1
208 GO TO0(210,211)ISTEER
210 CALL TAPEADD
G0 70 1
211 CALL TAPEPACK
60 7O 1
198 WRITE(59,103)
WRITE(61,103)
103 FORMAT(18H EOF ON DATA TAPE./

1 484 L0AD NEW DATA TAPE OR ABORT RUN AND SAVE LU 27. )
21 REWIND 24 $ Go 10 ¢
END

Fig. A-6. Continued.
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SURROUTINE TESTFOTO(K)
MAKES PHOTOGRAPHS AND PROVIDES SAMPLE PRINTQUTS TO TEST GOODNESS OF RUN
IN A ROUGH rASHION
ARRAYS [N CUMMON
COMMON IDISPLAY(100),PWRARAY(64,31),WTFCN(2,64,28),INP(101,101)
COMMON SCATLAW(31)
C VARIABLES IN COMMQON
COMMON EL PRIME,BPRIME,FCL,DOPA,NOISEBX,A,RBSHIFT,ISUB,ISCALE,INP
1 MIN, INPMAXK, IPOINT, ISTEER,RADI AN, IDAYNUM,DAYRUNS, IFLAG,PI,SMDYRN,
2 INPMAX1,[NPM[N1,XMAC,AAHAYN,DEC, ANG,DOPPLER A,PLANETA,FBSHIFT
NDIMENSION INP1(101,101)
EQUIVALENCE (INP1,PWRARAY), (DOPA,GAMMA)
BP=BPRIME/RADIAN § ELP=EL PRIME/RADI[AN
G0 TO(401,402),K
401 WRITE(61,100)DAYNUM,FCL,ELP,BP,DAYRUNS,AARAYN,DEC, ANG,DOPPLERA
1 JPLANETA
100 FORMAT(L13H1UAY NUMBER= [6,2X 24H CENTER-TQO-LIMB DOPPLER= FB8.:3,
12X 18H SUBRADAR LONG IS FB8.3, 2X 12H AND LAT IS F8.3/
2 27H NO. OF RUNS [N THE DAY [S F6.0, 2X
46H THe AVERAGE NOISE (FIRST TWO RANGE BOXES) IS E10.2/
22H THE MEAN DEC AND RA = F9.4, 1M, 2X F9.4, 1H./
55H DOPPLER AND HESPERJAN NORTH W,R.T. CELESTIAL NORTK IS F9.4,
2X 4H AND ¥9.4, 2X 1H,)
DO 54 MM=1,101
Mz=102-MM
WRITE(61,101) (INP(M,L),L=46,55)
C101 FORMAT(2Xx 10110)
c54 CONTINUE
c 1MP=377777768
IMP=2750000
G0 0 403
402 WRITE(61,102)SMDYRN,IDAYNUM
102 FORMAT(L19HITOTAL NO. OF RUNS=F10.0, 2X
1 33H THE LAST INCLUDED DAY NUMBER IS 16)
C DO 454 MM=1,101
c M=102-MM
(& WRITE(61,101) (INP1(M,L),L=46,55)
C454 CONTINUE
IMP=INPMAX/2
403 WRITE(59,103)
103 FORMAT(244 READY POLAROID. HIT GO.)
PAUSE 1717
73 CALL RESETD(-6s-10)
UL=Ve=0 2UR=VT=100.0
CALL SCALE(UL,UR VB,VT,0,23,0,23)
No 26KK=1,13
26 CALL GRID(U"éo-0;40-0r'40.0:60n0'10-Ur10.0:2!21'2:'2:55511)
413 GO T0(407,408),K
407 CALL INTRPLOT(INP,101,101+0,2+0+2+5,5,0,45, NPMIN,MP)
GO TO 409
4018 CALL INTRPLDT(INP1,101,101,0,2,0,2,5+,5,0,45,0, [MP)
409 CALL ADVFILM(U.,1)
WRITE(59,105) [MP
105 FORMAT(21H THE PRESENT PMAX IS 18/
1 33H TYPE IN A NEW PMAX [N FORMAT 17. )
READ(S58,106) IMP
106 FORMAT(([7)
IF(IMP)T71,71,73
71 RETURN
FND

aaa

(o RN I N VY \V)

aaoQ

Fig. A-6. Continved.
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SURROUTINE TAPEADD
C ARRAYS [N COMMON
COMMON IDJSPLAY(100),PWRARAY(64,31),]wTFCN(2,64,28),INP(101,101)
COMMON SCATLAW(31)
C VARIABLES IN COMMQN
COMMON EL PRIME,BPRIME,FCL,DOPA,NOISEBX,A,RBSHIFT,]ISUB,ISCALE, NP
1 MIN:INPMAX, IPOINT,ISTEER,RADIAN, IDAYNUM,DAYRUNS, IFLAG,PI,SMDYRN,
2 INPMAX1,INPMIN1,XMAC, AAHAYN,DEC,ANG,DOPPLER A,PLANETA,FBSKHIFT
DIMENSION [NP1(101,101)
EQUIVALENCE (INP1,PWRARAY), (DOPA,GAMMA)
GO TO 15
FENTRY TAPEPACK
15 CONTINUE
NOPA=DOPA/RADIAN § EL PRIME=EL PRIME/RADIAN SHBPRIME=BPRIME/RADIAN
WRITE(27)DAYNUM,DOPAEL PRIME,B PRIME,FCL,NOISEB X,RBSHIFT,INPMIN,
1 ,INPMAX,DAYRUNS
WRITE(27) NP
WRITE(27) [FLAG
ISTEER=2
RETURN
END

SURROUTINE TEST DATA(KRANGE,NFREQ,X1,X150,X2,X250,X1PRSU,X2PRS5Q,
1 X1PR.AREA1,AREA2,XMULT)
cCOMMON [DISPLAY(100),PWRARAY(64,31), IWTFCN(2,64,28),INP(101,101)
COMMON SCATLAW(31)
C VARIABLES IN COMMQON
COMMON EL PRIME,BPRIME,FCL,DOPA,NOISEBX,A,RBSHIFT,ISUB,ISCALE,INP
1 MINs [NPMAX,IPOINT, |STEER,RADIAN, IDAYNUM,DAYRUNS, IFLAG,PI+SMDYRN,
2 INPMAX1,INPMIN1,XMAC,AAMAYN,DEC,ANG,DOPPLER A,PLANETA,FBSKI[FT
DIMENSION INP1(101,101)
EQUIVALENCE ([NPL1,PWRARAY), (DOPA,GAMMA)
WRITE(61,100)KRANGE ,NFREQ,X1,X15Q,X2,X250,X1PRSQ, X2PRSQ:X1PR,
1 AREA1,AREAZ,XMULT
100 FORMAT(BHOKRANGES= 13, 3X 7H NFREQ= 1377
1 4H X1=E11.4, 3X 6H X1SQ= E11.,4, 3X 4H X2= E11.4, 3IX/6H X2SQ0= EFl1.4, 3IX
2 4, 3X BH X1PRSQ= E11.4, 3X 8H X2PRSQ= E11.4,3x/6H X1PR= E11.4, 3X 7H AREA
3 7H AREA1= E£11.4, 7H AREAZ2= E11.4, 3IX 7H XMULT= E11.4//7)
RETURN
END

Fig. A-6. Continved.
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FUNCTION AREAFCN(X1,X2,21.,22)
COMMON IDISPLAY(100),PWRARAY(64,31),IWTFCN(2,64,28),INP(101,101)
COMMON SCATLAW(31)

C VARIABLES IN COMMQON

]

COMMON EL PRIME,BPRIME,FCL,DOPA,NOISEBX,A,RBSHIFT,ISUB, ISCALE: NP

1 MIN, INPMAX, IPOINT,ISTEER,RADIAN, IDAYNUM,DAYRUNS, IFLAG,PI,SMDYRN,

INPMAX1, INPMIN1,XMAC, AAWAYN,DEC, ANG,DOPPLER A,PLANETA,FBSHIFT
DIMENSION INP1(101,101)
EQUIVALENCE (INP1,PWRARAY), (DOPA,GAMMA)
ISTEE =1
(R 2di= 1109021
ISTEE =2
x11=0.0
D1=1.0/SQRT(1.0-X1*X1)
D2=1.0/SORT(1,0~-X2#X2) § B2z1.0/SORT(1.0-22#22)
GO TO(3,4),[STEE
B1=1.0/SORT(1,0-21+%21)
X1222X2%ACOSF (Z2+*D2)~Z2+*ASINF (X2+B2)+ASINF (X2+22+B2+D2)
X112=X1#ACOSF (Z2#D1)~Z2*ASINF (X1%B2)+ASINF (X1%72+D1+B2)
X12=X122-X112
G0 TO(5,6),ISTEE
X121=X2+ACOSF (Z1%D2)=Z1+ASINF (X2+B1)+ASINF(X2#Z1+D2#B1)
X111=X1+*ACOSF(Z1%D1)-Z1*ASINF(X1#B1)+ASINF(X1*Z1+B1+D1)
X11=X]21~-Xx111
AREAFCN=X]2-X11
RETURN
END

Fig. A-6. Continued.
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SUBROUTINE MAPXFORM
C ARRAYS [N COMMON
COMMON IDISPLAY(100),PWRARAY(64,31),IWTFCN(2,64,28),INP(101,101)
COMMON SCATLAW(31)
C VARIABLES IN COMMQN
COMMON EL PRIME,BPRIME.,FCL,DOPA,NOISEBX,A,RBSHIFT,ISUB,ISCALE, INP
1 MINs INPMAX,IPOINT,ISTEER,RAD]JAN,IDAYNUM,DAYRUNS,IFLAG,P1,SMDYRN,
2 INPMAX1,INPMIN1,XMAC,AAHAYN,DEC,ANG,DOPPLER A,PLANETA,FBSHIFT
DIMENSION INP1(101,101) :
EQUIVALENCE (INP1,PWRARAY), (DOPA,GAMMA), (RB,SININC)
REAL KU.,KL KUPLUSKL
REAL NOISEBX1,NOISEBX2
C=2.997929E+08 $ DT=5,0E-04
TWO A OV € T =(2.0%A)/(DT*C)
DEL XD =1.,0/(D.992+FCL)
GAMMA=GAMMA*RAD]AN
EL PRIME=gL PRIME~RADIAN
B PRIME= B PRIME + RADIAN
COSBPRM=CQS(B PRIME)
SINBPRM=SN(B PRIME)
COSGAM=COS(GAMMA)
SINGAM=SIN(GAMMA)
COSLPRM=COS(EL PRIME)
SINLPRM=SIN(EL PRIME)
DO 91 J=1,101
DO 91 K=1,101
91 INP(K,J)=0
KWTMIN=37777777B 3 KATMAXz~KWTMIN
DO 270 K=1.28
DO 270 JU=1.64
DO 270 1=1.2
IWTFCONCT 2 JsK)=MAXD (L, IWNTFCN(I»JsK))
270 CONTINUE
CONSTANTS
CONSTANT=NOISEBX+*RBSHIFT+0,5
XNOISEBX=NOISEBX+1.5 +RBSHIFT
KDEX=NOISEBX+1
NOISEBX1=CONSTANT+0.5
NOISEBX2=CONSTANT-0.5
DXD=0.5+«DEL XD
C ovwhadhwwharhhpbrd by b bbb hord
DO 509 KRANGE=KDEX,31
C wwwwndwwdhubwhghw by drrpw bbb bbb ewar
DEPTH=(KRANGE~-CONSTANT)/ TWO A QV C T
DEPTH1=(KRANGE~NOISEBX1)/ TWO A OV C T
DEPTH2=(KRANGE=NQISEBX2)/ TWO A OV C T
Z1=AMIN1(1.0,(1,0-DEPTW1))
22=AMAX1(0.0+,(1.0-DEPTH2))
X1PRSQ=1.0-21«21
X2PRSQ=1.0-22+22
COSINC=1.0-DEPTH
SININC=SORT(AMAX1(0.,0,1,0-COSINC*COSINC))
H=(SININC+0.135¢CQSINC)»/0,135
SL=H*H*H/COSINC
NFREGMIN=1 $ NFREQMAX=264
SL=SL*EXP ( 1.0/COSINC)
RBSQ=DEPTH*(2,0~DEPTH)
RB=SQRT(RBSW)
RB=SININC
TERM=64.0-(RB/DEL XD)

aaoaoao

Fig. A-6. Continved.
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NFREQMIN=MAXDO (1, [FIX(33.0-TERM))

NFREQMAX=MING (64, [FIX(33.0+TERM))

C At w et a a e A r A a A AR g AN A NN,

DO 610 NFREG=1,04

MR TR E TR R AR LR R R R R R

611
613
612

615

599
598
616

614

617
597
619
618
629
462
463
621
623
464
465

624

466

467
622

610
509

1F(PWRARAY(NFREQ,KRANGE))610,610,611
IF(NFREQ-NFREQMIN)612,613,613
1F(NFREQMAX~-NFREQ)612,615,615
PWRARAY(NFREQ,KRANGE)=0,0

G0 TO 610

XDz (NFREQ-33)«DEL XD
X1=zABS(xD=-DXD)

Xx2=ABS(XD+DxD)
1F(x1-1.0)599,612,612
1F(X2-1.0)596,612,612
IF(X1-X2)614,616,614
XMULT=2.0

X120.9

60 TO 617

XMULT=1.0

XX1=X1

XX2=X2

X2=AMAX1(XX1,XX2)
X1=AMINL1(XX1,XX2)

X1SQR=X1wX1
1F(X1SQ-X2PRSQ)597,612,642
X2SQ=xX2*X2
IF(X2PRSQ-X25Q0)619,618,618
X2=SQRT(X2PRSQ)

GO TO 621
[F(X1PRSQ-X£SR)621,620,620
AREA1=0.0
AREA2=AREAFCN(X1DXZ'ZJ.:ZZ)

GO TO(462,463),SSWTI<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>